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"Difficult things take a long time, impossible things a little longer." 





In contrast to mouse bone marrow-derived multipotent stromal cells (mBMSCs), 
efficient osteogenic induction of mouse adipose-derived stromal cells (mASCs) is 
reliant on the actions of all-trans retinoic acid (ATRA), the carboxylic acid form of 
vitamin A. However, the underlying mechanisms responsible for its mode of action 
remain incompletely understood. We have previously identified high temperature 
requirement protease A1 (HTRA1) as a novel mediator of human BMSC (hBMSC) 
differentiation, where it acts to enhance osteogenesis and subsequent mineralization 
by differentiating bone-forming cells. Furthermore, HtrA1 expression is upregulated in 
mASCs in response to ATRA-containing osteogenic induction medium. We therefore 
asked the question whether HTRA1, in addition to its positive effects on hBMSC 
osteogenesis, could also influence the osteogenic differentiation of mASCs. In order 
to address this, we investigated the effects of small interfering RNA (siRNA)-
mediated depletion of HTRA1 on the differentiation of mASCs into mineralizing 
osteoblasts and attempted to establish a mechanism of action for HTRA1. 
Investigations relied on several different techniques including qRT-PCR, protein 
analyses, enzyme assays and histological analyses. We could demonstrate that loss-
of-function of HTRA1 was detrimental for ATRA-induced mASC osteogenesis, 
resulting in deficiencies in both osteogenic gene marker expression and mASC-
derived osteoblast mineralization. Furthermore, we identified p70 ribosomal protein 
S6 kinase (p70S6k) as being a downstream target of HTRA1 and as having a pivotal 
role in mediating the pro-osteogenic effects of HTRA1 in mASCs in response to 
ATRA. In conclusion, we provide evidence to support p70S6k as an important 
regulator of mASC osteogenesis, being activated in response to ATRA via pathways 
involving HTRA1. As such, it is proposed that HTRA1 represents a newly identified 
positive regulator of ATRA-mediated mASC osteogenesis and mASC-derived 
osteoblast mineralization. Further studies are needed in order to assess the 
relevance of such findings in regards to the ability of mASCs to regulate bone 
formation and repair in vivo, and whether such signaling cascades are also involved 





Im Gegensatz zu multipotenten Stromazellen des Knochenmarks der Maus 
(mBMSCs), ist die Induktion effizienter Osteogenese basierend auf Stromazellen des 
Fettgewebes (mASCs) abhängig vom Wirkunsmechanismus der all-trans-Retinsäure 
(ATRA), dem carboxylierten Metaboliten des Vitamin A. Nach wie vor sind die der 
Vitamin A gesteuerten, Osteogenese zu Grunde liegenden Mechanismen unklar. Die 
von uns bereits identifizierte hoch Temperatur anhängige Protease A1 (HTRA1) ist 
ein neuartiger Regulator im Differenzierungsmechanismus der menschlichen 
Stromazellen des Knochenmarks (hBMSC), welche durch Förderung der 
Zelldifferenzierung die Osteogense und die damit verbundene Mineralisierung der 
Knochenbildenden Zellen steuert. Des weiteren ist die Expression von HtrA1 in 
mASCs als Antwort auf ATRA enthaltendes Osteogenese-Medium hochreguliert. 
Folglich haben wir die Frage gestellt ob HTRA1 neben seinem positiven Effekt auf 
die Osteogenese von hBMSCs auch die Differenzierung und Osteogenese von 
mASCs steuern kann. Dementsprechend haben wir den Effekt des Verlustes von 
HTRA1 durch kleine eingrefenden Ribonukleinsäuren (siRNA) auf das 
Differenzierungspotential von mASCs sich zu mineralsierenden Osteoblasten zu 
differenzieren untersucht und haben versucht einen der Wirkung von HTRA1 zu 
Grunden liegenden Mechanismus zu etablieren. Dabei kamen verschiedenste 
Techniken wie quantitative Echtzeit Polymerase Kettenreaktion (qRT-PCR), Protein 
Analyse, enzymatische Untersuchungen sowie histologische Analysen zum Einsatz. 
Dadurch konnten wir zeigen, dass der Verlust von HTRA1 auf die von ATRA 
induzierte Osteogenese von mASCs schwerwiegende Folgen hat und nicht nur die 
Expression genetischer Marker der Osteogenese sondern darüber hinaus auch das 
Mineralisierungspotential der mASCs stark beeinträchtigt. Des weiteren haben wir 
nicht nur die p70 Ribosomale Protein S6 Kinase (p70S6K) als ein untergeordnetes 
Ziel von HTRA1 identifiziert sondern konnten auch zeigen, dass dieser eine 
entscheidende Funktion in der Vermittlung des pro-Osteogenese Effekts von HTRA1 
in mASCs unter dem Einfluss von ATRA zukommt. Zusammenfassend lässt sich 
sagen, dass wir starke Indizien haben, welche das Modell von p70S6K als einen 
fundamentalen Regulator der Osteogenese von mASCs untermauern, welche durch 
ein Netzwerk über die Aktivierung von HTRA1 durch ATRA aktiviert wird. Folglich 
sehen wir HTRA1 als einen neuartig identifizierten positiven Regulator der ATRA 
induzierten Osteogenese und einherghender Mineralisierung der Osteoblasten von 
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mASCs. Dennoch, weitere Studien sind notwendig um die Relevanz der Ergebnisse 
in Hinblick auf die Fähigkeit von mASCs die Formation sowie Reparatur von 
Knochen in vivo zu regulieren, sowie ob die zu Grunde liegenden Signalnetzwerke 
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1.1. Stem cells 
In multicellular organisms, an ovum and a sperm cell fuse to give rise to the earliest 
developmental stage, the zygote. This single cellular zygote is composed of a haploid 
chromosome set from the maternal as well as the paternal side, resulting in the 
diploid chromosome set of the final organism. This cell is totipotent, which means it 
has the greatest differentiation potential and can differentiate into all of the three 
germ layers, endoderm, mesoderm and ectoderm and form all cells of an organism. 
This in in contrast to multipotent stromal cells (MSCs), where the differentiation 
potential is limited to certain cell types only.  
 
1.1.1. Stem cells in the historical context 
 
In the historical context, evidence for the existence of stem cells comes from 
experiments with mouse teratocarcinomas, transplantable, progressively growing 
tumours that maintain a wide variety of diversely differentiated tissues within the 
tumour [1]. In 1954, LeRoy Stevens et al. [2] found that in their mouse model of 
spontaneous testicular teratocarcinomas, cells within the tumours were originating 
from primordial germ cells in foetal testes. Further teratocarcinomas could be 
experimentally induced by the ectopic transplantation of germinal ridges containing 
these primordial germ cells [3] as well as cells of early embryos [1, 4]. By 
demonstrating that teratocarcinomas containing multiple cell types can form upon 
transplantation of a single tumour stem cell, the embryonal carcinoma (EC) cells, 
Stevens and Little [2] noted that “Pluripotent embryonic cells appear to give rise to 
both rapidly differentiating cells and others which like themselves, remain 
undifferentiated”, the foundation for the field of stem cell research was set [1, 5]. At 
that early time point, the test for the maintenance of pluripotency was to show that a 
clonal population can give rise to a teratocacrinoma with multiple and largely well-
differentiated tissues when re-injected into a mouse [1, 5]. As observed by Martin and 
Evans in 1974 [6], under in vitro conditions, single clones of stem cells even 
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differentiated into spontaneously beating cardiac myocytes and nerve cells [7].  
Further investigations of the embryoid bodies formed by EC cells revealed that the 
first step of differentiation is into primary extra-embryonic endoderm, exactly as 
formed by cells isolated from the inner cell mass from a mouse blastocyst [1]. This 
was the beginning of the realization that the teratoma forming EC cells might not be 
malignant and abnormal cancer cells but rather possibly early embryonic cells [1, 8].  
Indeed, EC cells when incorporated into a normal mouse blastocyst did not form any 
malignant tissue but instead contributed to the development of a chimeric animal of 
which most tissues were proven to be derived from the injected tissue-cultured EC 
cells [1, 9].  Furthermore EC cells did not only contribute to the soma [10] but most 
importantly of all, to the germ-line [11], therefore providing a route for retroviral 
genetic manipulation from culture to creature [1, 12, 13].  
 
1.1.2. Stem cell mechanisms of differentiation 
 
Based on the given potential of these historical findings, stem cell research quickly 
gained broad attention amongst the scientific community as well as the public and as 
a consequence, has developed significantly during the past 40 years. From 
successful identification and utilization of stem cells to form and genetically modify 
chimeric organisms as mentioned above, the focus has quickly shifted towards a 
more applied approach to address relevant health issues. The initial realization of 
one cell being able to commit and contribute to all tissues within an organism soon 
led to efforts to direct this potential to specifically regenerate and restore damaged 
tissues or ideally, replace whole organs on demand to circumvent limitations of the 
body’s regenerative capacity. Despite the seemingly limitless potential of stem cell 
research, major drawbacks and limitations were quickly realized when those 
regenerative approaches were transferred into the human system. The assumption 
that one stem cell if exposed to the injured environment would automatically take 
over regeneration, quickly proved to be wrong and was much more complex than 
expected. Nonetheless, the initial findings were still valid, fascinating and firing the 
idea of regenerative applications. Consequently, the focus has since shifted towards 
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understanding the mechanisms controlling the initial events of stem cell commitment 
during embryonic development, as well as tissue maintenance throughout adult life.  
1.1.3. Differentiation of adult stem cells 
 
In contrast to the initial idea that the number of stem cells declines with the 
progression of differentiation during adult development, stem cells were found to be 
located in niches of multiple tissues throughout adulthood maintaining tissue repair 
and homeostasis. These so-called adult stem cells are found in various tissues of the 
body, such as, but not limited to the blood, skin, intestines and bone. Due to ethical 
concerns intertwined with the use of pluripotent embryonic stem cells (ESCs) for 
regenerative purposes, the discovery of MSCs in the adult was of particular interest. 
Hence, efforts in stem cell research are now concentrated on elucidating and utilizing 
the differentiation dynamics of MSCs, and to even re-program them back to 
pluripotency for subsequent regenerative applications. 
There are basically three hierarchical mechanisms in cell differentiation to be 
distinguished: dedifferentiation, transdifferentiation and reprogramming. In 
dedifferentiation, a cell reverts back to a stage less differentiated from within its own 
lineage, allowing proliferation before redifferentiating and replacing damaged tissues. 
Transdifferentiation is extending dedifferentiation even further to a point where a 
switch in lineage commitment is possible with subsequent differentiation into a 
different cell type.  Reprogramming even aims to revert cells to pluripotency, thus 




For example, in Zebrafish, when resecting major parts of the heart ventricle [15], 
residing differentiated cardiomyocytes dedifferentiate [16] and proliferate [17] to 
regenerate the missing tissue [14, 18].  In urodele amphibians, dedifferentiation is 
taken to the next level as they are able to regenerate whole limbs.  Cells adjacent to 
the wound dedifferentiate to form a blastema consisting of undifferentiated cells, 
which then proliferate and redifferentiate to regenerate the missing part of the limb 
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[14, 19]. The key player throughout the process of dedifferentiation is the 
retinoblastoma protein RB, which under normal conditions acts as a tumour 
suppressor by inhibiting E2F activating transcription factors, thereby stabilizing the 
cell cycle inhibitor p27 and recruiting chromatin remodelling factors [19]. Upon 
regenerative cues, RB becomes inactivated by hyper-phosphorylation allowing 
differentiated cells to re-enter the cell cycle and dedifferentiate [20]. However, in 
mammalian heart muscle cells, hyper-phosphorylation of RB alone is insufficient to 
promote re-entry into the cell cycle [21], as the tumour suppressor ARF up-regulates 
p53, which then compensates for RB inactivation [22, 23]. Consequently, inactivation 
of RB and ARF is needed to render mammalian myocytes capable of 
dedifferentiating and re-entering the cell cycle again. As such, the most rigorous 
regenerative potential seen in vertebrates is in those lacking ARF, indicating that in 
the context of mammalian evolution, ARF may aroused at the expense of impaired 
regenerative potential [24]. In mammalian cardiomyocytes a combined approach of 
inhibiting p38 mitogen-activated protein kinase (MAPK), which blocks cell cycle 
progression associated with myogenic differentiation, and activation of fibroblast 
growth factor 1 (FGF1) [25], which induces fetal gene expression in mature 
cardiomycytes, allows mature cells to dedifferentiate and proliferate again [26, 27]. 
The same dedifferentiating effect could be achieved in an approach where cells were 
treated with the cardiomyogenesis promoting ligand Neuregulin [28], which binds to 
and activates the tyrosine kinase receptor Erb, thereby showing that there might be 




In transdifferentiation, cells first dedifferentiate, but in contrast to the mechanisms 
mentioned above, they then have the potential to commit to a new lineage. By 
expressing the three factors Ascl1, Brn2 and Myt1l, mouse embryonic and postnatal 
fibroblasts could be efficiently reprogrammed to a pluripotent state and subsequently 
transdifferentiated into functional neurons, along with the expression of neuron-
specific proteins, and the ability to generate action potentials and form functional 
synapses [31].  To date, several reports exist showing successful transdifferentiation 
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of mouse fibroblasts into cardiomyocytes either by expression of the specific factors 
Gata4, Mef2c and Tbx5 [32] or even by transient transfection with microRNAs 1, 
133a, 208a and 499-5p in combination with a JAK inhibitor [33]. Another example 
which highlights the plasticity of differentiation are adipose-derived stromal cells 
(ASCs) [34]. ASCs have the potential of multi-lineage commitment and can be 
differentiated into various cell types such as adipocytes, chondrocytes, myocytes and 
osteoblasts in the presence of lineage specific induction factors [35].  
 
1.1.6. Reprogramming / iPS 
 
In addition to transdifferentiation from one cell type to another, reprogramming is the 
ultimate form of transdifferentiation where cells can be dedifferentiated all the way 
back to their pluripotent state, and are therefore termed induced pluripotent stem 
(iPS) cells. However, there is still some discrepancy regarding the pluripotent identity 
of iPS cells in which major global transcriptional differences have been identified [36-
38]. Generation of iPS cells was initially achieved by expression of the three 
pluripotency key factors, termed Yamanaka cocktail after its inventor, OCT4, SOX2 
and NANOG [39, 40]. In addition to these factors acting as transcriptional repressors 
[41-46] for genes associated with differentiation [47, 48], they’re also responsible for 
the regulation of various processes at the epigenetic level. These include early 
globally organizational changes in the euchromatin histone modification H3K4me2 in 
pluripotency-related gene promoters, in combination with repressive H3K27me3 
chromatin modifications. Given the contribution of chromatin remodelling [49, 50] to 
pluripotency [51], this led to the discovery that the use of transcriptionally activating 
epigenetic regulators can partly replace Yamanaka factors, such as Rcor2 [52], Tet1 
[53], TH2A and TH2B [54]. Alternatively, this can also be induced by suppression of 
certain chromatin modifiers such as DOT1L [55], which methylates H3K79 and 
promotes expression of epithelial-to-mesenchymal transition associated genes. By 
using a combination of microRNAs (miRNA) mir-200c, mir-302s, mir-369s [56] or mir-
302, mir-367 [57], complete reversion of mouse and human somatic cells to 
pluripotency could be achieved without expression of any factors and at a 
considerably higher efficiency.  
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1.1.7. Chemical reprogramming / iPS cells 
 
With the continuing insight and understanding of the underlying dedifferentiation 
mechanisms triggered by the Yamanaka cocktail, it soon became apparent that these 
factors could be partly or even completely substituted by chemical compounds 
(termed chemical reprogramming). Due to the reported improvement in efficiency and 
safety, this transgene-free approach is of particular importance when aiming for 
therapeutic applications in humans. The chemicals used in these transgene-free 
approaches target chromatin-modifying enzymes resulting in the restoration of the 
cell’s pluripotent state. The most prominent approach reported so far utilizes a 
combination of two small-molecule kinase inhibitors, the so called “2i” components of 
which the PD0325901 inhibitor targets the FGF/ERK signaling pathway and 
CHIR99021 which specifically inhibits the kinase GSK3, known to promote self-
renewal of ESCs. These factors render the cells in a pluripotent state by global DNA 
hypo-methylation [58] and by the upregulation of key pluripotency factors [59, 60] 
such as Nanog and Prdm14 [61]. Similar to 2i, the DNA methyltransferase inhibitor 5-
aza-cytidine has been reported to induce pluripotency by blocking transcriptional 
repressive methylation of DNA [62]. By inhibiting the transcriptionally repressive 
deacetylation of histones using histone deacetylase (HDAC) inhibitors [63], 
pluripotency in mouse and human fibroblasts could be induced along with a reduction 
in the expression of pluripotency factors [64]. Other reports have described the 
pluripotency-inductive potential of Vitamin C [65] in human and mouse fibroblasts 
through epigenetic regulation, specifically a reduction in di- and trimethylation of 
H3K36 through regulation of the Jhdm1a/1b demethylases [66]. Small molecule 
induced pluripotency [67], by specifically targeting signaling pathways and epigenetic 
modifications, could be achieved entirely trans-gene free by exchanging the 
Yamanaka factors with FSK, GSK3 inhibitor CHIR99021, TGF-β inhibitor 616462 and 
the SAH inhibitor DZNep [68]. However, this approach is limited to rodents, as in 
humans indispensable activation of OCT4 by small molecules has so far not been 
achieved [69]. Reprogramming of adult stromal cells therefore represents a robust 
alternative to ESCs, thereby not only circumventing ethical concerns but also utilizing 




1.2. The stem cell niche 
 
In the context of transdifferentiation and reprogramming, the understanding of the 
stem cell’s microenvironment within physiological conditions, the so-called niche, is 
of major importance [70]. Stem cells are localized to a broad range of tissues 
throughout the body, from relatively dormant tissues such as muscle and brain [71-
74], to the rapidly self-renewing ones [75-77], such as intestinal epithelium, with a 
complete turn over in as little as 3-5 days. Even in relatively dormant tissues with low 
or almost no turnover [78], cells can be quickly activated to maintain homeostasis. 
Examples include cognitive-induced activation of neurons of the subgranular zone of 
the hippocampus [79], injury-induced proliferation and differentiation of muscle stem 
cells [80]. 
 
1.2.1. The stem cell niche in the historical context 
 
Already back in 1977 it was shown by Dexter et al. through the use of in vitro co-
cultures, that hematopoietic stem cells (HSCs) are dependent on other bone marrow 
residing cells such as epithelial cells and adipocytes [81].  Lord et al. showed through 
the use of colony forming assays (CFU), the spatial organisation of stem and 
progenitor cells within the bone marrow [82]. Based on these findings, Schofield 
concluded in 1978 that stem cells were located in and regulated by particular sites: 
”…a hypothesis is proposed in which the stem cell is seen in association with other 
cells which determine its behaviour. It becomes essentially a fixed tissue cell. Its 
maturation is prevented and, as a result, its continued proliferation as a stem cell is 
assured. Its progeny, unless they can occupy a similar stem cell 'niche', are first 
generation colony-forming cells, which proliferate and mature to acquire a high 
probability of differentiation, i.e., they have an age-structure.”[83]. Subsequently, the 
interaction between stem cells and their niche environment was further elucidated in 
mutagenesis experiments by modifying the niche, and thereby inducing changes in 




1.2.2. Bone marrow MSC niche 
 
MSCs are present in a variety of adult tissues [84] residing in specific environments 
termed niches. And it is through the influence of tissue specific matrix, nearby 
differentiated cells and key soluble molecules within these niches that determines 
when stem cells should differentiate [83]. 
In addition to HSCs, MSCs are also present within the bone marrow [85, 86] and 
have the capability of differentiating into multiple lineages such as chondrocytes, 
osteoblasts, fibroblasts, adipocytes, endothelial cells and myocytes [87]. Osteoblasts 
are derived from MSCs through the process of osteogenesis, and are responsible for 
producing the osteoid matrix at the interface between bone marrow and calcified 
collagen, being mediated through the actions of secreted enzymes which crosslink 
fibrillary collagen, non-collagenous proteins and proteoglycans. Subsequently, this 
matrix thickens and deposition of calcium phosphate leads to mineralization [88]. The 
bone marrow is mainly composed of hematopoietic cells of which a fraction are found 
in close proximity to bone-lining osteoblasts therefore underlining a reciprocal 
communication between these two cell types [89]. Indeed, there is evidence to 
suggest that a close relationship exists between osteogenesis and haematopoiesis 
within the bone marrow niche [89, 90]. The most prominent example of this is the 
ability of osteoblasts to produce a broad range of hematopoietic growth factors [91], 
including NF-κB ligand (RANKL) which mediates differentiation of osteoclasts from 
HSCs [92]. Furthermore, an increase in osteoblast activity triggers a reciprocal 
expansion in HSC numbers [93-96], although depletion of bone resorbing osteoclasts 
does not affect HSC numbers [97]. Ablation of miRNA processing of pre-osteoblasts 
leads to HSC hyper-proliferation and aberrant haematopoiesis [98]. HSCs 
themselves, when in a quiescent state, are preferentially found in close proximity to 
small arterioles of the endosteal bone marrow, which are encapsulated by CSPG4+ 
pericytes. HSCs upon pharmacological or genetic activation of their cell cycle, re-
locate from the CSPG4+ periarteriolar niche to the LEPR+ niches. Therefore it is 
assumed that the location of the HSCs is affecting their cycling behaviour most likely 




1.2.3. Niche inductivity of the bone 
 
It has been shown that the fate of stem cells within the bone marrow is influenced by 
its surrounding mechanical properties such as stiffness, geometry and adhesion 
which primes adaptions in cytoskeletal tension [100]. On matrices with osteoid-like 
stiffness, MSCs undergo osteogenic differentiation, whereas on a softer matrix, 
MSCs become more myogenic [101], independent of soluble factors [102]. When 
MSCs were cultured in bi-potential osteogenic-adipogenic media, high stiffness 
substrates favoured osteogenic and low stiffness primed adipogenic differentiation 
[103]. Under physiological conditions within the bone marrow, MSCs are exposed to 
a broad range of stiffnesses, from very soft tissues such as white marrow to very stiff 
environment such as osteoid. Hence, osteoblasts localize to the stiff osteoid 
interface, but are also in close proximity to the soft matrix surrounding pre-
osteoblasts. However, it still remains to be determined as to how undifferentiated 
MSCs residing in the soft compartment of the bone marrow migrate to tissues of 
greater stiffness upon lineage commitment to osteoblasts [104]. Although it has been 
suggested that differentiation occurs gradually, being dependent on extracellular 
matrix (ECM) elasticity cues during migration [105, 106]. 
Considering the influence of the niche on the differentiation fate of the niche 
residents, a deeper understanding of how the stem cell fate can be ultimately 
directed towards osteogenesis is of major importance for developing effective 




1.3. Mesenchymal stromal cells (MSCs) 
 
MSCs have the potential to differentiate into at least four different cell lineages: 
osteoblasts, adipocytes, chondrocytes and myocytes [107, 108] and are therefore 
promising candidates for use in tissue regeneration. Subsequently, it was discovered 
that MSC populations are not only limited to the bone marrow, but are also found in 
other tissues [109] such as adipose [110], placenta [111], skin [112], umbilical cord 
[113-115], dental pulp [116], amniotic fluid [117], synovial membrane [118] and even 
breast milk [119]. In addition to their ability for multipotent differentiation, MSCs are 
also characterised by the expression of a set of surface markers, such as CD73, 
CD90 and CD105, together with the absence of endothelial and hematopoietic 
markers, including CD31, CD34 and CD45 [108]. Nonetheless, MSCs isolated from 
different tissues [120] have shown significant differences in colony morphology, 
differentiation potential and gene expression [121-123], thus bringing into question 
their biological comparability despite fulfilment of minimal marker criteria.  
 
1.3.1. Therapeutic applications of MSCs 
 
In addition to their stem cell based multi-lineage differentiation capacity, MSCs have 
gained increasing attention due to their immunomodulatory and paracrine effects 
[124-126] which are promising features for therapeutic applications [127, 128]. MSCs 
have been shown to act on the innate as well as the adaptive immune system by 
affecting the expression of cytokines and by supressing T cell activity [129] through 
down-regulation of NF-κB signaling [130] and the induction of cell cycle arrest [131]. 
Although the underlying mechanisms controlling these events are poorly understood, 
systemic infusions of MSCs to treat models of lung injury, myocardial infarction, 
diabetes, multiple sclerosis, renal and hepatic failure have shown promising 
outcomes [128, 132]. Despite the poor homing of MSCs, considerable therapeutic 
benefits were observed even in the absence of MSCs at the place of injury. The 
underlying mechanism still remains elusive although it is assumed to be based on 
paracrine factors secreted by MSCs. These factors can act systemically to activate 
tissue-resident stem cells and thus promote regeneration within the affected niche 
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through stimulation of proliferation, inhibition of apoptosis, and remodelling of the 
extracellular matrix [133]. The clinical use of MSCs has proven particularly promising 
in the treatment of bone related diseases such as, but not limited to, osteogenesis 
imperfecta in children [134, 135]. An alternative approach is to promote differentiation 
of MSCs into bone generating osteoblasts through stimulation with bone 
morphogenetic protein (BMP). BMP acts as a chemoattractant for MSCs and 
enhances their migration to the site of repair [136]. Upon binding to their cognate 
receptors on MSCs, the BMPRs, intracellular signal transduction through SMAD 
signaling is activated [137] which can be enhanced through cross-talk with the Notch 
signaling pathway [138]. In particular, the SMAD complex translocates to the nucleus 
where it interacts with and activates multiple osteogenesis related transcription 
factors such as Runx2, Osx, Dlx5 and Msx2 [139]. In the same manner, it can also 
influence the actions of transcriptional repressors such as Hoxc8 by removing it from 
the osteopontin (OPN) promoter, thereby allowing for transcription of OPN and the 





Osteogenesis, also frequently referred to as ossification, is the process of newly 
formed bone material being produced on the surface of existing bone as depicted in 
figure 1. Since this process is highly dependent on fully functional stem cells [141], 




Fig. 1: Schematic model of the human bone remodelling cycle. (Encyclopaedia 
Britannica, Inc. 2010) 
 
1.4.1. Bone development 
 
Contrary to public conceptions, the bone of a living organism is not only a stiff 
inorganic scaffold to provide stability to the body, but also a highly biologically active 
endocrine organ that is undergoing constant remodeling and homeostasis. In order to 
do so, many different factors and cell types are required to perform specific functions 
in a tightly controlled and balanced manner to keep the bone in a healthy state. 




1. Intramembranous ossification is the process of new bone formation during 
fetal development and bone fracture repair, and is the typical means by which 
rudimentary bone develops. It is taking place in the development of the flat 
bones of the skull, in the maxilla, mandible and clavicles, as well as during 
bone fracture healing. In intramembranous ossification, fibrous membranes 
are replaced by bone tissue. A stepwise creation of the final bone tissue can 
be described as follows: Firstly, the ossification center is created by MSCs. 
For this, the MSCs cluster together, typically around blood vessels to ensure 
sufficient nutrients, and start differentiating towards osteoblasts. They now 
begin the active process of mineralizing their surrounding matrix (later called 
osteoid). These small islands of mineralized connective tissue (or osteoid) are 
then called spicules. These spicules can further be increased in size by 
surrounding osteoblasts that now start the calcification of the outer layer of the 
spicules. An osteoblast that becomes incorporated into mineralized bone 
tissue differentiates towards the very final step in the life of an osteoblast, the 
so-called osteocyte. The growing spicules will start to merge over time, 
resulting in trabeculae bone tissue, which further increases in size, at which 
point it is called woven bone. Now for the first time, an outer membrane is 
formed around the bone tissue by the MSCs, termed the periosteum. This 
defines the primary ossification center, and the region between mature bone 
tissue and the periosteum, i.e. the region of active ossification by osteoblasts. 
Finally, the bone collar is formed, thereby defining the end point of 
intramembranous ossification of this type of bone tissue [142, 143]. 
 
2. Endochondral ossification on the other hand, is the bone generating step of 
the long bones, and consequently of most bones of the body. While this bone 
formation step also occurs during fetal development and bone repair, unlike 
intramembranous ossification, hyaline cartilage is present during this type of 
bone formation. In the beginning, chondrocytes that evolve from chondroblasts 
form a cartilage ECM around themselves, thereby creating a cartilage 
template of the future bone development. Through continuous cell division, 
interstitial growth, or by increasing the volume of their ECM and hence 
increasing the thickness of the cartilage model, the template size is 
augmented. Once the cartilage model is formed, the primary center of 
21 
 
ossification is built at the center of the cartilage, followed by secondary 
ossification centers at the distal tips of the structure. Similar to 
intramembranous ossification, the ECM now becomes gradually calcified, 
thereby creating bone tissue, the spongy bone, which replaces the cartilage 
tissue. This is achieved by a process called chondrocyte hypertrophy, where 
the secretion of collagens and other proteoglycans is stopped, and instead the 
secretion of a protein called alkaline phosphatase (ALP) is initiated. After 
osteoclasts break down this newly formed bone tissue, the medullary cavity is 
created, giving rise to the bone marrow, which continues to expand towards 
the end of the bone. In the meantime, structures like the periosteum and the 
bone collar are also developed, resulting in the mature bone tissue [144]. 
 
In addition to the bone tissue itself, bone is also comprised of the bone marrow tissue 
as shown in figure 2. This “loose” tissue within the bone fills up the medullary cavity 
of the bone and can be distinguished into two different kinds of bone marrow: the red 
bone marrow consists mainly of the hematopoietic stem cell pool which give rise to 
platelet, red and white blood cells, and the yellow bone marrow which consists mainly 
of adipocytes, but also of precursor cells for osteoblasts, osteoclasts, fibroblasts and 
macrophages. The function of the yellow bone marrow goes beyond the storage of 
energy for the organism, but involves nutrient and energy supply for haematopoiesis, 
as well as an indirect involvement in haematopoiesis by secreting growth factors like 
colony stimulating factors, that initiate the maturation of blood precursor cells [145]. 
Both bone marrow types are highly vascularized, as their central metabolic roles 
require a significant supply of oxygen and nutrients and enabling the release of 
mature blood cells into the circulation [146]. 
The bone marrow is therefore central to the process of haematopoiesis, which 
provides vital blood cells of all types, as well as supplying cells to the lymphatic 
system. Growing evidence furthermore supports the theory of the bone marrow as 






Figure 2: Schematic overview of a human long bone and its components.           
(www.buzzle.com) 
 
1.4.2. Bone turnover and remodelling 
Importantly, healthy bone tissue is not only undergoing ossification, as this would 
make the bone very fragile over a lifelong period, but also resorption. This tightly 
controlled balance of bone production and resorption termed bone turnover, ensures 
the integrity of the inorganic components of the bone. A dynamic balanced state 
where the production and resorption of the bone material results in a stable bone 
mass is an obvious prerequisite for intact bone tissue, where dysregulation of the 
bone production/ -resorption rate can result in bone diseases such as osteopetrosis 
and osteoporosis [149]. Many factors are involved in the regulation of bone turnover 
and an overview of the cells involved in this process are introduced in more detail in 
the following chapter. 
1.4.3. Bone cells and their function 
 
The biologically highly active bone tissue is kept alive by a number of cells, each of 
which is important to maintain intact bone. The following list highlights the most 





1. Osteoblasts are, in mature bone, found mostly on the surface of the bone 
ossification center between periosteum and bone tissue, and are the cells 
responsible for bone synthesis. Although they can actively calcify their 
surrounding ECM, calcification or mineralization, in vivo only occurs at the so-
called osteon, which is a site of interconnected osteoblasts. This calcification 
and mineralization of the ECM occurs in a highly specific manner, starting with 
the secretion of very dense and cross-linked collagen. Organic phosphate and 
calcium is then actively precipitated on this collagen scaffold, resulting in the 
final hydroxyapatite. This is facilitated with the help of the secreted protein 
ALP, which precipitates the calcium-phosphate-hydroxide salt. Notably, the 
combination of collagen and hydroxyapatite results in a tissue that fulfils both 
tensile and compressive strength, resulting in excellent stability characteristics 
of the bone. The osteoblasts are found in large numbers on the surface of the 
bone either in an active or silent state, termed lining cells. Once the osteoblast 
is buried in the extracellular inorganic region of the bone, it is called an 
osteocyte, where it still exhibits important functions for maintaining bone 
integrity [150]. Besides ALP, osteoblasts also secret other proteins like 
osteopontin and osteocalcin, which are important for bone production but will 
not be discussed further here. 
 
2. Osteoclasts are, contrary to osteoblasts, responsible for the resorption of bone 
material. Typically found in pits on the surface of the bone, the resorptive bays 
or Howship´s lacunae, they actively resorb the hydroxyapatite and collagen of 
the bone by acidifying the environment in and secreting a number of 
collagenases. The acidity is reached by the secretion of an acid phosphatase, 
which is stored in large amounts in lysosomes in the cytoplasm of the cell. 
When needed, the osteoclasts are able to release high levels of these 
lysosomes. In order to optimize the resorption efficiency, osteoclasts contrary 
to osteoblasts, are organized in a polar manner, where one side of the cell is 
characterized by having a ruffled border. These can be described as villi which 
dramatically increase the surface area of the osteoclasts, thereby facilitating 





3. Osteoprogenitor cells that are found primarily in the cavity of the bone marrow, 
build one half of the stem cell pool found in the bone. Also called pre-
osteoblasts, these cells are the progenitor cells of the osteoblasts that are 
responsible for bone synthesis [152]. 
 
4. HSCs are also found in the cavity of the bone marrow and represent the pool 
of cells which can, upon stimulus, differentiate towards the myelopoietic and 
erythropoietic cell type and enter the blood circulatory system. 
 
5. MSCs are found in large numbers in the bone marrow of all bones and thereby 
constitute the second class of stem cells found in the bone. 
 
6. White adipose tissue (WAT) of the bone marrow is, contrary to public 
perception, the most common tissue found in the bone marrow. Produced by 
adipocytes, it fulfils very important endocrine functions, some of which have 
only recently been discovered [147]. Its secretion of, for instance, adiponectin 
and leptin has global applications in the body and is likely to be an important 
key player in fat homeostasis of the whole body. The WAT is believed to be an 
energy reservoir for the cells of the hematopoietic stem cell line to terminally 
differentiate, when needed. 
1.4.4. Bone function 
Next to its function to provide stability, bone exhibits functions in the body that may 
be somewhat unexpected. The following list of major functions of the bone 
exemplifies why bone is classified as an organ: 
 
1. Calcium homeostasis is a central function of bone tissue, as the calcium 
released by osteoclast activity would otherwise be harmful to the organism at 
certain concentrations. Furthermore, a calcium reservoir for bone formation is 
thereby always guaranteed on site, and the calcium concentrations for other 
parts of the organism, e.g. the blood plasma, are easily controlled as this can 
have a major impact on various processes, such as blood pressure regulation 
[153]. Furthermore, a relatively low concentration of calcium needs to be 
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guaranteed, as the calcium ion represents an important second messenger 
molecule. An overview of the calcium homeostasis in the human body can be 
seen in figure 3. 
 
2. pH buffering properties are another important feature as the bone is able to 
rebalance occurring pH changes of the bone and the blood by releasing or 
absorbing alkaline salts. 
 
3. A certain amount of detoxification of several harmful compounds was 
described. These can later on be gradually released so that a controlled 
breakdown or excretion is guaranteed (e.g. lead poisoning [154]). 
 
4. Fat storage is one of the most important features of the bone. In fact, the role 
of WAT in the marrow of the bone is not completely understood and probably 
holds important but, as yet, unknown functions. However, the fat tissue in the 
bone is also an energy source for the HSCs, enabling them to differentiate 
towards fully functional blood cells, as mentioned earlier [145]. 
 
5. As an endocrine organ, bone can store and release many hormones and 
growth-factors that are essential to the human body. Insulin regulation is for 
instance realized partially by osteocalcin, as well as the phosphate 





Fig. 3: Schematic overview of the calcium homeostasis in the human body  
(www.philschatz.com). 
 
1.4.5. Pathophysiology of bone remodelling 
 
Bone turnover is a balanced state of bone production and resorption A large number 
of steroid and protein hormones, as well as other multiple factors and cells, control 
the regulation of bone remodelling. Alterations in these processes can result in 
severe disease or pathophysiological conditions that affect bone integrity. This 
chapter therefore highlights well-known factors and their contribution to pathological 
conditions of the bone. 
Cytokines play a major role in bone resorption. They can stimulate osteoclast 
maturation and development. Pathologically upregulated levels of, for instance IL-6, 
are known to be involved in osteopenia-like diseases [156]. Many cell types are 
under a constant control by cytokines, which are released by cells all over the body. 
Hormones such as parathyroid hormone (PTH), along with Vitamin D are responsible 
for calcium and phosphate release into the circulation of the body. PTH is able to 
indirectly stimulate osteoclast activity and thereby induce the release of calcium from 
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the bone into the blood. It is directly sensed by osteoblasts, which in turn increase 
the expression of the receptor activator of nuclear factor kappa-B ligand (RANKL), a 
cytokine belonging to the tumor necrosis factor family (TNF), which can inhibit the 
expression of its antagonist osteoprotegerin (OPG). Under these conditions, 
osteoclastogenesis is induced, and bone resorption enhanced [157-159]. 
Other hormones like testosterone and estrogen play important roles especially in the 
development and maintenance of bone. While some functions of these hormones on 
a cellular level are understood, others remain unclear [160]. As an example, in 
healthy bone, estrogens are known to be inhibitory towards bone resorption, resulting 
in a drastic increase in bone resorption upon estrogen deficiency [161]. 
Intact stem cell differentiation machinery is the bottleneck underlying the availability 
of osteoblasts and osteoclasts in the bone. An imbalance in the activity of either of 
these two cell types results in a disturbed bone formation/ -resorption rate, which can 
ultimately lead to osteoporotic bone. The exact cause for such a loss in bone 
homeostasis and its full influence on bone turnover is poorly understood, but 
currently under investigation [162] and thus highlights the complexities of maintaining 
healthy bone. 
1.4.6. Bone diseases 
 
Since bone is a metabolically active and tightly regulated tissue, malfunctions in any 
of the involved parameters can result in medical conditions of the bone and even 
other tissues. The most common ones are further discussed in the following section: 
1.4.6.1. Effects of age on bone quality 
The bone tissue undergoes global changes during aging. It is generally accepted that 
bone density declines with age. The reasons for this are as diverse as the cells 
involved in bone maintenance [160, 163]. While bone mineral density (BMD) is 
gradually declining in men and women from the age of 30 on, the menopause 
induces another rapid decline in BMD in women. Moreover, a key player in the 
ageing bone appears to be PTH. The integrated PTH secretory response is 
increased with age, independent of the gender. However, the exact mechanism as to 
how this increase results in decreased BMD is not understood [164]. 
Another likely scenario to contribute to bone loss with aging is a deficiency in stem 
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cell differentiation. As stem cells continuously contribute to the pool of osteoblasts 
and osteoclasts, a decline in either of those cell types would also result in bone 
deficiency. For instance, an impaired capacity of the BMSCs to differentiate towards 
the osteoblastic lineage, could lead to decreased bone synthesis and a subsequent 
increase in bone resorption rate [165]. 
1.4.6.2. Osteoporosis 
Osteoporosis is a worldwide health issue affecting millions of people. It is a slowly 
progressing disease characterized by a decrease in bone mass and density. The 
resulting loss in bone strength results in an increased fragility of the bone, which 
makes it especially dangerous for elderly people due to high a high incidence of 
fractures. Next to the BMD being affected, the microarchitecture as well as the 
amount and variety of cells and proteins in the bone is altered. Finally, peak bone 
mass is pathologically lowered, when compared to healthy bone tissue [166]. One 
potential cause of osteoporosis is an imbalance in bone turnover: 
 
1. Insufficient bone synthesis (e.g. due to dysfunctional osteoblasts or reduced 
osteoblast activity/ numbers) 
2. Increased bone resorption (e.g. due to hyper-active osteoclasts). 
 
In human medicine, osteoporosis is categorized as being either; postmenopausal 
osteoporosis, also referred to as primary type 1 osteoporosis, and is prevalent in 
women after menopause due to decreased levels of estrogen or senile osteoporosis, 
or primary type 2 osteoporosis, which occurs in both men and women starting around 
75 years of age. An additional form of osteoporosis termed secondary osteoporosis 
can also occur at any age in both genders and is caused by multiple factors, such as 
chronic medical abuse and excessive glucocorticoid use (steroid-induced 
osteoporosis) 
The treatments available for osteoporosis attempt to prevent either the progression of 
osteoporosis itself, or the fracture risk associated with osteoporosis. They extend 
from calcium and vitamin D supplementation, although controversially discussed 
[167], to bisphosphonates. While calcium and vitamin D supplementation stabilizes 
the bone directly, the bisphosphonates on the other hand are believed to inhibit 
osteoclasts and thereby compensate for the reduced bone synthesis or increased 
29 
 
bone resorption. The mode of action of bisphosphonates is surprisingly simple, yet 
very effective: the bisphosphonates themselves bind to calcium, which is only found 
at high concentrations in the bone. An osteoclast resorbing the calcium that is now 
bound to bisphosphonates induces apoptosis. While non-amino bisphosphonates 
bind to ATP and make it unavailable for the cell, thereby creating a huge lack of 
energy for the cell, amino-containing bisphosphonates bind to and block the enzyme 
“farnesyl diphosphate synthase” (FFPS), which ultimately leads to an induction of 




1.5. Molecular regulation of osteogenesis 
Bone mineralization is a precisely orchestrated multi-step process in which MSCs 
migrate and divide, followed by a differentiation cascade from cartilage forming 
chondroblasts to osteoblasts, and ultimately mineral deposition and bone formation 
[139]. Bone marrow residing MSCs are first differentiating into pre-osteoblasts at the 
expense of proliferation capacity [169], and subsequently develop into mature 
osteoblasts which then foster deposition of mineral leading to matrix mineralization 
and bone formation [170]. A certain fraction of bone forming osteoblasts may 
differentiate further into bone residing osteocytes. Besides bone generation, the 
absorption of bone through osteoclasts is crucial to maintain a balanced homeostasis 
within the bone. Osteoclast activity, in particular osteoclast maturation, is regulated 
by osteoblasts through RANK signaling [171]. Osteoclast precursors are expressing 
the RANK receptor on their cell surface and binding of osteoblast-secreted RANKL 
triggers differentiation into the osteoclast lineage. Osteoclasts then exert their activity 
through the matrix degrading protease Cathepsin K [172]. In order to limit the bone 
resorption, osteoblasts are further expressing the RANKL competitor OPG, which 
binds to RANK with equal affinity and therefore inhibits promotion of 
osteoclastogenesis [173]. Hence, a delicate orchestration of RANKL and OPG 
expression is crucial to ensure proper maturation of BMSCs to osteoblast and 
maintain a balanced bone homeostasis.  
 
1.5.1. Signaling events governing osteogenesis  
 
As major players in osteoblast differentiation [174], alterations in the expression 
levels of BMPs have been shown to results in strong bone-related abnormalities 
during development [175, 176]. BMPs themselves are extracellular acting 
multifunctional signaling cytokines that belong to the large transforming growth 
factor-beta (TGF-β) super family, consisting of about 60 isoforms [177]. In todays 
clinical applications, recombinant forms of human BMP-2 and BMP-7 are widely used 
in therapeutic interventions to treat bone related conditions, such as non-union, 
delayed union, spinal fusions, root canal surgery and osteoporosis [174]. In the 
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canonical signaling pathway, the two surface receptors BMPRI/BMPRII upon binding 
of the ligands TGF-β and BMP, phosphorylate and activate SMADs [178], which then 
in turn interact and activate various downstream proteins such as Runx2, leading to 
up-regulation of bone related genes [179]. Similarly, non-canonical SMAD-
independent signaling results in the same Runx2 activation, although through the p38 
MAPK pathway [169]. The spatiotemporal tightly regulated activity of Runx2 and 
BMP-activated SMADs is crucial for bone formation and maintenance, as is the 
delicate interaction and cross-talk with other major signaling pathways such as Wnt 
[180-182], Hedgehog (Hh) [183, 184], Notch, MAPK and mammalian target of 
rapamycin (mTOR) [185]. 
The intracellular transducers of BMP signaling are the Smad proteins which are 
divided into three classes, the receptor regulated Smad (R-Smad), the common 
mediator Smad (C-Smad) and the inhibitory Smads (I-Smad) [186], each consisting 
of an N-terminal nuclear localization signal and DNA-binding domain, a middle linker 
domain and a BMPRI binding C-terminal domain [187, 188].  
Upon ligand binding, BMPRII initiates the kinase activity of BMPRI resulting in the 
phosphorylation of the R-Smad 1 and 5 [169]. These in turn disassociate from the 
BMPRs to form a complex with the cytosolic C-Smad 4 and undergo translocation to 
the nucleus [139] where they regulate transcriptional activity either directly [189, 190] 
or through interaction with DNA-binding proteins [174, 191]. 
BMP signaling facilitates expression of Dlx5 on osteoblasts, which in turn induces 
expression of Runx2 in osteoprogenitor cells. Subsequently Runx2 and Smad 
interact and co-operatively regulate transcription of osteogenic target genes [192].  
The previously mentioned threonine and proline rich linker domain of the Smad 
proteins is the anchor point for cross-talk between BMP and MAPK signaling [193], 
as it can be phosphorylated by Erk and GSK3-β and subsequently ubiquitinated and 
degraded, thereby preventing its nuclear translocation and propagation of the BMP 
ligand induced signal [194]. Recently, mTORC2, a major effector of mTOR signaling, 
has been identified as a mediator of BMP signaling [195] and TGF-β induced 
phosphorylation of Akt [196]. Akt can block phosphorylation and activation of 
downstream Smad3 through mTOR, thereby blocking TGF-β signals downstream 
and finally expression of osteogenic genes [196].  
mTOR is a well conserved checkpoint protein kinase that has recently emerged as a 
major player in osteogenesis by integrating signals received from growth factors, 
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nutrients and cellular energy metabolism [197, 198] and by regulating cell-cycle 
progression and MSC differentiation [185].  
mTOR exerts its kinase function through the C-terminal catalytic domain [199, 200] 
and through binding and multimer formation with other regulatory components [201, 
202]. Depending on its association with various adaptor proteins, mTOR can form 
two distinct multi-protein complexes, subsequently termed either mTORC1, which 
regulates adipogenesis, osteogenesis and myogenesis or mTORC2, which 
exclusively regulates myogenesis (see Figure 4), whereas the adaptor proteins 
Raptor and Rictor determine the substrate specificity.  
 
 
Fig. 4: The mTOR signaling pathway in MSC differentiation [185] 
 
mTORC1 contains mTOR associated with regulator-associated protein of mTOR 
(Raptor), as well as G protein β subunit-like protein (GβL), and this complex 
specifically phosphorylates ribosomal protein S6 kinase 1 (S6K1) and eukaryotic 
initiation factor 4E-binding protein 1 (4E-BP1). By contrast, mTORC2 consists of 
mTOR, rapamycin-insensitive companion of mTOR (Rictor), mammalian stress-
activated protein kinase-interacting protein 1 (mSin1) and GβL. As a complex it acts 
to phosphorylate and activate Akt. However, located upstream in the signaling 
cascade there is the tuberous sclerosis complex (TSC) [203, 204] and its immediate 
downstream target Ras homolog enriched in brain (Rheb), which then activates 
mTOR kinase [205, 206]. In addition, mTOR can undergo autophosphorylation [207] 
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and its activity can be inhibited by rapamycin, resulting in alterations in 4E-BP1 and 
S6K1 activity [199].  
For MSCs undergoing osteogenesis, the mTOR/S6K1 signaling pathway plays a 
central role [208, 209]. S6K1 has been shown to regulate osteogenesis indirectly, 
acting on multiple levels such as TNF-α-induced interleukin-6 synthesis [210], 
fibroblast growth factor (FGF) 2-stimulated interleukin-6 synthesis [211], platelet-
derived growth factor-BB-induced interleukin-6 synthesis [212], BMP-4-stimulated 
vascular endothelial growth factor (VEGF) synthesis [213] and FGF-2-stimulated 
VEGF release [214]. It is widely accepted that mTOR signaling affects osteoblast 
proliferation and differentiation [209, 215, 216] as well as proliferation of MSCs [215, 
216]. However the effects of rapamycin on osteogenesis remain controversial, with 
both inhibitory [217, 218] and stimulatory [208, 219] actions having being reported. 
Nonetheless, in mouse BMSCs, rapamycin has been shown to inhibit osteoblast 
differentiation [209] by blocking osteoblast-specific gene expression, ALP activity and 
mineralization of extracellular matrix [217]. Given its possible detrimental role in 
osteogenesis, further insights into mTOR signaling are required in order to reveal the 
detailed contributions and mechanisms involved in osteoblast lineage commitment of 
MSCs. 
 
1.5.2. Cross-talk in osteogenic signaling 
 
Cross-talk between signaling pathways involved in MSC differentiation might occur to 
synergistically regulate key components of osteoblast maturation. For example, 
Hedgehog signaling, where Sonic Hedgehog (Shh) together with Gli2 induces BMP2 
expression thereby stimulating osteogenic differentiation [220], or where Shh alone 
up-regulates TGF-βII and therefore inhibits differentiation into the chondrocyte 
lineage during bone development [192].  
Moreover, Wnt signaling is involved in the formation and maintenance of bone 
through multiple mechanisms such as stem cell renewal, osteoblastogenesis and 
inhibition of osteoblast apoptosis [221]. Upon binding of the Wnt ligand to its cognate 
receptor frizzled and the co-receptor LRP5/6 [222], cytoplasmic β-catenin 
degradation stops and it translocates to the nucleus where it activates gene 
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expression [223]. Signaling cross-talk during osteoblast differentiation occurs through 
modulation of Wnt signaling by BMP2, as it stimulates expression of Wnt, LRP and 
Fz receptors [224]. In differentiating osteoblasts, the canonical Wnt signaling 
interacts with Runx2 thereby mediating BMP9 driven osteogenic signaling [225] by 
recruiting β-catenin and Runx2 to the osteocalcin promoter [169]. Furthermore, an 
increase in complex formation between TCF4 and Runx2 has been reported, which 
in turn increase expression of TGF-βRI and therefore osteogenesis [226]. Taken 
together, cross-talk between BMP and Wnt signaling occurs on multiple levels in 
tissue maintenance during fracture repair as well as differentiation of MSCs into the 
osteoblast lineage [139, 227]. This is most evident in the case of protein Wnt10b, 
which up-regulates expression of the core binding factor alpha 1 (Cbfa1/Runx2), 
Distal-less homeobox 5 (Dlx5) and osterix, thereby committing the cell towards the 
osteoblast lineage. Simultaneously, it inhibits adipogenesis by down-regulating 
C/EBP-α and PPAR-γ [228]. C/EBP-β in turn has been found to be regulated through 
Spry1 which is critical for adipocyte differentiation and acts as a transcriptional 
coactivator also on PSD-95, DLG, ZO-1 and PDZ-binding motif TAZ [229]. Members 
of the MAPK family of proteins such as extracellular signal-regulated proteins kinase 
(ERK), c-Jun N-terminal kinase (JNK) and p38 are equally involved in regulating the 
lineage commitment of MSCs [230]. Interference of the MAPK pathway favours 
adipogenesis by affecting the downstream osteogenic effectors ERK and JNK. Over-
expression of the Twist-1 and Dermo-1, members of the TWIST family of helix-loop-
helix transcription factors, results in decreased osteo-/ chondrogenic differentiation 
potential and a shift towards adipogenesis [231]. Additionally, the basic leucine-
zipper transcription factor Maf and the Zinc-finger protein 467 (Zfp467) [232] have 
also been identified as having equal importance in the process of osteogenic 
differentiation. By directly acting on the cell-cycle, the tumor suppressor pRb can 
promote osteogenesis in two ways, either by interacting with Runx2 to enhance 
osteogenic differentiation or by acting together with E2F to suppress PPAR-γ and 
subsequent adipocyte differentiation [233]. 
Recently it has been shown that besides cross-talk of multiple signaling pathways, 
miRNAs are involved in the regulation of osteoblastogenesis as well [179, 234]. For 
example, the miRNA miR-218 has been found to facilitate osteoblast differentiation 
by inhibiting sclerostin or the miR-2861, which represses histone deacetylase 5 
(HDAC5) expression and thereby promotes osteoblast differentiation. More 
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specifically, RUNX2 gene expression and osteoblast differentiation can be inhibited 
by miR-204, miR-211 [235] and directly targeted by miR-355 [236], or 
osteoblastogenesis can be inhibited indirectly by interfering with translation of Smad1 
through miR125b and miR26a [237]. 
Another signaling network affecting RUNX2 gene expression and therefore 
osteoblast maturation is the Notch pathway where the Notch intracellular domain 
directly interacts with transcription factors and/or co-activator to modulate gene 
expression [238]. Furthermore, Notch signaling has been found to potentially mediate 
crosstalk and balance between osteoblast and osteoclast formation through its 
expression enhancing effect on RANKL and OPG [238]. Nevertheless, Notch 
signaling is clearly involved in osteoblast maturation and osteogenesis, as 
demonstrated by impaired bone formation and quality in mice deficient in Notch, 
along with defects in chondrogenesis [239]. Additionally NF-κB indirectly acts on 
downstream regulators such as HIF-2α, β-catenin and last but not least, Runx2 [240], 
although the majority of findings point out the inhibitory action of NF-κB on osteoblast 
differentiation by interfering with Smad signaling [241]. 
The sheer endless points of cross-talk between signaling networks and transcription 
factors underline the complexity of osteoblastogenesis and bone development. 
Consequently, a better understanding of the regulatory networks will undoubtedly 
help to provide new starting points for the development of alternative strategies to 




1.6. BMSCs in age-related bone loss 
 
As BMSCs can give rise to both osteoblasts and adipocytes [107], an imbalance 
between these differentiation processes may generate increases in adipocytes at the 
expense of osteoblasts, leading to an increase in fat marrow and potentially  bone 
loss [242, 243]. Adipocyte differentiation is a two-phase process, mediated through 
transcription factors peroxisome proliferators activated receptor-γ (PPARγ) and 
C/CAAT/enhancer binding proteins (C/EBPs), in which pre-adipocytes mature into 
adipocytes. The large degree of plasticity allows transdifferentiation from pre-
adipocytes to osteoblasts mediated through the osteogenic transcription factors 
Runt-related transcription factor 2 (Runx2) and Osterix (Osx) [170, 243, 244]. 
Overexpression of the BMP-2 downstream target Runx2 has been shown to be 
sufficient to effectively transdifferentiate pre-adipocytes into mineral forming 
osteoblasts [245]. Maintenance of a stable bone mass throughout life requires a 
precise balance in signaling events for BMSC differentiation into osteoblast and HSC 
differentiation into osteoclasts [246, 247]. In general, bone loss gradually occurs with 
aging as a result of hormonal changes, and is dependent on gender and various risk 
factors [248, 249]. Risk factors may be non-heritable, such as age-related changes, 
oxidative stress, apoptosis, sex-steroid deficiency and life style, or heritable due to 
epigenetic alterations [248]. The main contributor of cellular aging is senescence due 
to shortening of telomeres, deficiencies in repair mechanisms as well as epigenetic 
alterations, thereby restricting cellular proliferation and regeneration potential [250]. 
The well known co-occurrence of aging and deficits in bone quality have been 
investigated in numerous animal models, the results of which have allowed for new 
insights into a broad spectrum of underlying molecular mechanisms controlling bone 
quality. Some examples of these are discussed below. 
 
1.6.1. SAMP6 mouse model 
 
The senescence-accelerated mouse (SAMP6) model is not only characterized by the 
occurrence of spontaneous fractures but moreover, by a phenotype closely 
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resembling human osteoporosis such as a decrease in bone strength, mineral 
density and trabecular volume [251]. Recent studies investigating the underlying 
molecular mechanisms of this animal model are contradictory. On the one hand, 
impaired interleukin 4 (IL-4) signaling was suggested to cause the osteoporotic 
phenotype due to the promotion of osteoclast differentiation [252]. However, an 
oppositional overproduction of IL-4 also results in an impaired bone phenotype as 
characterized by a reduction in bone formation and quality [253]. Furthermore, 
BMSCs of SAMP6 mice show an impaired osteogenic potential whilst favouring 
adipogenesis [254, 255]. Therefore an investigation into alterations in osteogenic and 
adipogenic genes may provide more insight into the molecular mechanisms 
underlying the osteoporotic phenotype of SAMP6 mice [254]. 
 
1.6.2. Klotho mouse model 
 
Another model of premature aging with the prevalence of impaired bone quality is the 
Klotho mouse model where the disruption of a type-I membrane protein, namely 
klotho gene [256], primarily leads to elevated serum phosphate levels [257]. This is 
suggested to cause secondary cytotoxic levels along with deficits in organ function 
and subsequent acceleration of the aging process. As with the SAMP6 model, bone 
turnover parameters in the klotho model are reduced, along with an increase in 
BMSC adipogenesis and a decrease in osteoblastogenesis [258]. Additionally, it has 
been suggested that the Klotho protein exerts its action on bone quality through its 
ability to regulate the stimulatory actions of fibroblast growth factor 23 (FGF23) on 
BMSC osteogenesis [259], whereas FGF23 in turn has been postulated to be the 
main underlying cause of accelerated aging due its inhibitory actions on the 







1.6.3. Telomerase deficiencies 
 
As previously mentioned, the contribution of telomere shortening to the aging 
process is thought to be significant, and therefore of particular interest. Telomere 
length stability through cell division is mediated by telomerase. Mutation of the RNA 
component (TERC) of the reverse transcription subunit (TERT) of telomerase inhibits 
telomere maintenance and displays an accelerated aging phenotype along with early 
reductions in bone mineral density [261, 262]. The inability to maintain telomere 
length seems to contribute majorly to bone loss with progressing age [263]. Similarly, 
disruption of the Werner helicase (Wrn) shows a premature aging phenotype and in 
Wrn-/- mice, as well as the Terc-/- Wrn-/- mice, BMSCs are impaired in their 
mineralization potential in vitro, along with an increase in bone marrow fat content in 
vivo [262, 264]. Although a decreased efficiency in osteogenic potential of BMSCs is 
considered the main cause of this model, the contribution of BMSCs committing to 
adipogenesis remains elusive, as knocking out Terc has been shown to actually have 
a negative impact on BMSC adipogenesis [262]. 
 
1.6.4. Deficiencies in DNA repair 
 
As with the disruption of helicase and telomerase function as described above, 
mutation of the xeroderma pigmentosum factor D (XPD) helicase gives similar 
premature aging phenotypes [265] along with impaired bone quality [266]. Partial or 
full disruption of an endonuclease involved in DNA repair, the excision repair cross 
complementary group 1-xeroderma pigmentosum group F (ERCC1-XPF), not only 
shows a reduction in osteogenic potential of BMSC, but further also is characterised 
by a senile osteoporotic phenotype [267]. Similarly, deficiencies in the Cdc42-specific 
negative regulator Cdc42GAP, which is involved in DNA damage repair and therefore 
essential for regulating genome stability, results in a phenotype displaying impaired 
bone quality [268]. In a model of Hutchinson-Gilford progeria syndrome (HGPS), 
established through disruption of the Lamin A gene by insertion [269], significant 
upregulation of p53 is prevalent in association with bone abnormalities. Comparably, 
knock-out of the lamin A processing metalloproteinase Zmpste24, shows similar 
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bone characteristics as the HGPS model, notably the hyperactivation of the p53 
pathway, whereas a decline in BMSCs has been identified as the major underlying 
cause of the age-related bone loss [270]. Directly enhancing p53 results in similar 
reductions of life span along with the onset of a senile osteoporotic phenotype [271], 
possibly being due to a p53 mediated increase in mitochondrial sensitivity to high 
oxidative stress, therefore promoting aging [272].  
1.6.5. Oxidative Stress 
 
Oxidative stress occurs when reactive oxygen species (ROS), such as superoxide 
anions, hydrogen peroxide and hydroxyl radicals, accumulate due to an age-related 
decrease in ROS scavenging enzymes such as superoxide dismutase (SOD), 
glutathione peroxidase (GPx), glutathione (GSH) and catalase (CAT). This 
accumulation leads to non-physiological levels of ROS inducing damage on the 
genomic and protein level, subsequently impairing differentiation and maintenance of 
BMSCs, and finally leading to osteoporosis [248, 273, 274]. This has been confirmed 
on various levels in animal models such as Sod-/- mice, which show the expected 
increase in ROS, and more importantly, have a lower bone mineral density and 
reduced number of osteoblasts and osteoclast than their wild-type litter mates [275, 
276]. On the level of transcription factors, β-catenin and FOXO play a central role in 
the defence of ROS induced damage. High levels of ROS lead to increased 
concentrations of FOXO in the nucleus and transcriptional activation of target genes 
involved in DNA repair (Gadd45), ROS detoxification (Sod2 and Cat), cell cycle 
arrest (CyclinG2, Cdkn1a and Cdkn1b) and apoptosis (Faslg and Bin1) [273]. Hence, 
mice with deficiencies in FOXOs show an increase in ROS levels, which in turn leads 
to an impaired BMSC differentiation and consequently lower osteoblast numbers 
[277]. Furthermore, FOXO retains β-catenin in the nucleus [278, 279], thereby 
antagonizing Wnt signaling which is an essential stimulus for BMSC differentiation 





1.6.6. Non-genomic factors in aging of BMSCs 
 
Besides the widely accepted genomic contribution to bone formation and 
maintenance, the involvement of epigenetic factors has gained significant interest. 
The well-known contribution of decreasing methylation to the mechanism of 
senescence [281, 282] has been investigated in a model, where the SNF2-like gene 
(PASG), associated with regulation of genome methylation, has been knocked-out. 
The resulting phenotype shows significant hypomethylation along with an increase of 
senescence markers such as p16, p21 and p53, but most notably of all, severe 
impairment in bone development [283]. Furthermore, the loss of a glycosyl 
phosphatidylinositol-anchored cell surface protein, a stem cell antigen (Sca-1/Ly-6A) 
[284], has been investigated in a Sca-1 knock-out model, which shows an increased 
susceptibility to fractures due to a senile osteoporotic phenotype [285]. The 
underlying cause is suggested to be progressive depletion of osteoprogenitor cells as 
a consequence of deficiencies in stem cell self-renewal. Additionally, the reduction in 
osteoblast numbers lead to decreases in RANKL mediated regulation of osteoclasts 
and consequently an increase in bone resorption.    
 
1.6.7. Non-modifiable risk factors 
 
Apoptosis of cells within the bone microenvironment, in particular the age related 
dysfunction and decay of osteocytes, leads to an increase of locally released 
RANKL, thereby stimulating osteoclastogenesis and accelerating the resorption of 
bone [286]. In the mouse model, inhibition of apoptosis in osteocytes leads to an 
increase in trabecular bone mass due to reduced extracellular RANKL [287]. As 
levels of sex steroids, such as oestrogens in women and androgens in men, are 
naturally declining with age, their anti-apoptotic effect on osteocytes is lost and thus 
contributes to age-related bone loss [288-290].  
Gender specific differences in bone structure are not only restricted to the later 
stages of life. Already during puberty, differences in bone composition and size 
become evident. Female oestrogens can act to restrict periosteal bone formation, 
whereas male androgens act to induce bigger and stronger bones [248, 291]. These 
41 
 
initial differences in peak bone mass and size are considered a major reason for the 
higher prevalence of osteoporosis amongst females [248]. On the other hand, at later 
stages in life, in particular the early postmenopausal period, the decreasing 
physiological levels of sex-steroids accelerate the decline in BMD through alterations 
in osteoclast, osteoblasts and osteocytes function, resulting in an imbalance between 
bone formation and bone resorption [274, 292]. In particular, the rate of bone 
turnover is accelerated within the cortical compartment, and delayed within the 
trabecular compartment, ultimately leading to an increase in cortical porosity [293-
295]. Nonetheless, after the initially accelerated decline in BMD in women, the rates 
of bone loss are equal amongst both genders [296]. 
 
1.6.8. Modifiable Risk Factors 
 
Besides the aforementioned non inheritable and non modifiable risk factors, there are 
a few modifiable factors with considerable potential to influence BMSC differentiation 
and the occurrence of osteoporosis, such as dietary composition, physical activity, 
smoking and alcohol consumption [248]. For example, and inadequate intake of 
phosphate, calcium and vitamin D, not only impairs mineralization and bone 
formation, but also enhances the resorption of bone [297, 298], and can even 
influence neuromuscular function and balance [299]. Therefore, the availability of 
calcium and a high-protein diet is associated with a higher BMD and reduced 
susceptibility to fractures [300, 301]. Moreover, regarding the previously mentioned 
role of ROS on bone homeostasis, dietary implementation of antioxidants such as 
fruits and phytochemicals, also helps to relieve cellular ROS stresses [302, 303]. 
Besides targeted dietary intake, a reduction in cellular ROS levels could also be 
achieved through implementation of regular physical activity [248, 304]. In the recent 
past, the dramatic benefits of physical activity in prevention of, but not limited to, 
cardiovascular disease became widely accepted. In the context of bone formation, 
the mechanical stimulus induced by exercise is registered by osteocytes [305] and 
triggers a decrease in their secretion of the Wnt-signaling inhibitor sclerostin [247, 
306-309], which in turn leads to a subsequent activation of Wnt-signaling mediated 
osteogenesis [310-312]. Contrary to the beneficial effects of exercise, frequent and 
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excessive intake of alcohol [313-316] as well as smoking [317-319] have been shown 




1.7. MSC-targeted therapies to treat age-related bone disease 
 
The very first steps taken in the development of stem cell based therapies go back to 
the year 1951, when donor bone marrow aspirates where used to improve healing of 
bone defects by percutaneous application at the defective site [320, 321]. Despite 
great interest and efforts in stem cell based therapies for bone regeneration during 
the last 30 years, their implementation in today’s clinical routine still lags far behind 
the initial expectations [322]. The gold standard for repair of bone defects is still 
autologous bone grafting, where the patients own bone, mostly removed from the 
iliac crest, is transplanted to the defective site. The side effects of this including donor 
site morbidity, donor material limitation and quality with a particular emphasis on 
osteoporotic cases, has led to alternatives being sought where various combinations 
of cells from different origins, bioactive carriers and growth factors are now used to 
repair small to big sized defects [322-324]. In this regard, the use of BMSCs or ASCs 
has gained increasing support as a suitable cell-based alternative to enhance bone 
regeneration and quality. Indeed, ASCs have shown robust osteogenic potential [35, 
322, 325, 326] in several animal models [327, 328] as well as in various clinical trials 
[329-332]. Already, adipose tissue has advanced to the preferred source of adult 
stem cells as they have a higher abundance combined with easier accessibility and 
reduced donor site morbidity [35, 333, 334]. Hence, allogeneic as well as autologous 
BMSCs and ASCs have been widely applied in the clinical environment to a variety of 
conditions, such as acute trauma, non-union of bone upon trauma, osteonecrosis of 
femur head, spinal fusion and osteoarthritis [322]. 
 
1.7.1. ASCs in bone regeneration and repair 
 
ASCs are particularly well suited for applications in bone repair as they are, in 
contrast to BMSCs, more tolerant to low oxygen conditions as found in low 
vascularized, newly formed bone [330]. Furthermore, ASCs are well known for their 
paracrine action, secreting angiogenic cytokines such as hepatocyte growth factor 
and vascular endothelial growth factor and thereby promoting homing signals for 
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resident stem cells [335]. Non-genetically modified, autologous ASCs have been 
used successfully to repair large craniofacial defects through ectopic vascularized 
bone formation. This involved the dissection of bone from the patient’s iliac crest, 
fibula or ribs and the generation of ground bone chips. Further, this material was then 
mixed with osteoinductive recombinant human growth factors such as BMP-2 or 
BMP-7, and combined with ex vivo expanded ASCs into a pre-shaped titanium mesh 
[322]. As restoration of blood supply is critical for integration and survival of ASC 
containing bone grafts, as an intermediate step, this mesh was implanted for several 
months into a large and highly vascularized muscle such as latissimus dorsi or rectus 
abdominis to stimulate vascular ingrowth, before being inserted for integration into 
the defective area. By four months post surgery, sufficient bone had formed to 
support dental implants [322, 330, 336]. In order to prevent ectopic bone formation, a 
mixture of ASCs and BMP-2 soaked β-tricaclium phosphate granules, again in an 
individually shaped titanium mesh, is directly applied at the target site. In this case, 
dental implants were successfully supported by the newly formed bone ten months 
post surgery [337]. Also in difficult larger fractures with multiple pieces, ASCs 
combined with fibrin glue and autologous bone chips, have been shown to restore 
bone function [338].  
 
1.7.2. In vitro studies 
 
One of the limiting factors in bone tissue engineering, is the availability of autologous 
material. As such, artificial resorbable materials are being developed which serve as 
both a carrier for donor MSCs and an osteoconductive platform for use in repairing 
bone defects. In particular, hydroxyapatite and calcium phosphate exert 
osteoconductive properties and consequently are considered the ideal substrate to 
be used as a matrix. The use of porous hydroxyapatite as a carrier for MSCs has 
successfully been applied to non-union fractures and diaphyseal defects, to a level 
where osseous integration of implants was observed after months and even years 
[339-341]. Successful spinal fusion through the use of a β-tricalcium phosphate 
scaffold carrier supplemented with MSCs has been applied to a wide range of 
patients with a successful healing rate as high as 95% [342]. 
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Numerous combinations of animal models, defect sizes and carriers even in 
combination with transient gene expression have also been investigated, and thereby 
highlight the robust osteogenic potential of ASCs to repair various kinds of bone 
defects across species. ASCs combined with nano-biphasic calcium phosphate 
(NanoBCP) and alginate gel or with apatite-coated PLGA scaffolds were found to be 
effective in repairing critical size cranial defects in a rats [343, 344]. Furthermore, 
ASCs seeded on either PLA scaffolds [339] , gelatine foam [340] or coral [241] have 
successfully been used to repair bone defects in rats, rabbits and dogs respectively. 
In a further study, ASCs were combined with either BMP-2 coated PLGA scaffolds or 
transfected to overexpress BMP-2 and Runx2, which in both cases resulted in 
successful ectopic bone formation [345], suggesting that once transplanted, 
osteogenic induced ASCs are able to remain viable, maintain their osteogenic 
properties and even stimulate resident stem cells of the injured environment [346]. 
 
1.7.3. Clinical studies 
 
In the clinical environment, ASCs have been applied to repair large bone defects of 
the calvaria following injury. Autologous ASCs applied as a mixture with milled 
autologous bone from the iliac crest and fibrin glue, has successfully been used to 
repair such defects within 3 months [338]. Similarly, ASCs in a mixture with BMP-2 
on a β-tricalcium phosphate scaffold could successfully restore oral function in a 
hemimaxillectomy-induced defect within 12 months [330].Despite the promising 
clinical outcomes following the use of ASCs, further safety evaluations are still 
needed, especially considering their immunosuppressive capacity which could 
facilitate and favour tumour growth under certain conditions [346]. Nonetheless, their 
easy accessibility in combination with low donor site morbidity and the ability to 






1.7.4. Bone and fat: the osteogenic potential of ASCs 
 
As previously discussed, ASCs display self-renewal, are multipotent [110, 347] and 
undergo multilineage differentiation into adipocytes, chondrocytes, myoblasts and 
osteoblasts [346, 348]. As compared to BMSCs, the accessibility of ASCs is much 
easier and can be acquired through lipoaspiration from the fat tissue at a much 
higher abundance and with less donor site morbidity [349, 350]. Furthermore, 
autologous ASC sources within the human body are widespread, allowing for much 
higher volumes of aspirate in comparison to BMSCs harvested from the bone marrow 
[351]. Bone marrow aspirates are limited to a 100ml, which will yield roughly 6x10^6 
cells/ml of which 0,001% - 0,01% are BMSCs.  By contrast, aspirates from 
liposuction procedures which will easily yield aspirates of 1000ml – 2000ml with 
2x10^6 cells/ml of which 10% are thought to be stem cells [34, 352], which is already 
enough to repair small bone defects without the need of extensive ex vivo cultivation 
[107, 353]. Consequently, ASCs have become a very attractive and competitive 
alternative to the limiting autologous bone graft in bone tissue replacement therapies, 
which still represents the gold standard for the treatment of bone defects [34]. ASCs 
in humans can be isolated from fat tissue at various locations, although the preferred 
source in mice is the inguinal fat pad. ASCS are usually liberated from the fat tissue 
through collagenase digestion, yielding a heterogeneous cell population of 
erythrocytes, fibroblasts, endothelial cells, smooth muscle cells, pericytes and ASCs 
which then have to be sub-cultured on a plastic surface in order to obtain a 
homogeneous population of ASCs [34, 35]. Besides the minimal criteria of multi-
lineage differentiation and plastic adherence, ASCs have to express the stromal 
surface markers CD73, CD90, and CD105 but must not express markers of the 
hematopoietic lineage c-kit, CD14, CD11b, CD34, CD45, CD19, CD79-α and human 
leukocyte antigen-DR [108]. Interestingly, ASCs have a higher proliferative capacity 
with stable population doublings and a lower level of senescence as compared to 
BMSCs [34, 354, 355]. Furthermore, the impact of aging seems to be more prevalent 




1.7.5. Osteogenic differentiation of ASCs 
 
In order to better understand the intricacies governing ASC osteogenesis, studies 
have primarily focused on establishing in vitro differentiation assays. The osteogenic 
differentiation of ASCs is primarily performed through the use of osteogenic medium 
with the functional components being β-glycerophosphate, ascorbic acid and 
dexamethasone. Alternative approaches include BMP-2 treatment [343, 359], NF-κB 
activation [360], use of histone deacetylases [361], mechanical stimulation[362], and 
application of pulsed direct current fields [363, 364]. In some cases, the replacement 
of dexamethasone with all-trans retinoic acid (ATRA) is considered to be an essential 
requirement for efficient ASC osteogenesis [365].  Besides its osteogenic promoting 
effect, ATRA has been found to simultaneously inhibit adipogenic differentiation by 
inhibiting C/EBPbeta-mediated transcription through down-regulation of the pro-
adipogenic transcription factor CCAAT/enhancer-binding protein α and β [366-368]. 
The pro-osteogenic effect of ATRA could be further enhanced by co-addition of BMP-
2, most likely due to the fact that ATRA promotes expression of the BMP-2 receptor 
BMPR-IB [369]. In contrast to BMP-2, ATRA alone has the ability to induce 
osteogenic differentiation of mouse ASCs. In fact, BMP-2 has been observed to 
actually enhance adipogenesis [368, 369], which is most likely dependent on the 
expression of its receptors [370].   
The same synergistic effect of ATRA and BMP-2 applies as well to the expression 
and activity of ALP, which is stimulated by ATRA alone, and further enhanced when 
treated together with BMP-2. ATRA’s ability to influence ALP expression is mediated 
through its binding to the nuclear RARs(RAR/RXR) and subsequent activation of 
retinoic acid response elements (RARE) located within the ALP promoter [371].  By 
contrast, activation of RAREs in response to ATRA results in the reduced expression 
of pro-adipogenic genes PPARγ, C/EBPα and C/EBPδ thereby supressing adipocyte 
differentiation and promoting osteoblast differentiation. In contrast to the findings of 
Yang et al [391], Hisada et al [392] reported that ATRA mediated upregulation of 
pro-osteogenic genes was limited to ALP only, as no changes were observed in the 
expression levels of osterix, bone sialoprotein or osteocalcin. However, work from 
our own laboratory has revealed that ATRA-mediated osteogenesis of ASCs is 
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associated with increases in numerous osteogenic genes, and includes amongst 






HTRA1 combines the crucial dual function of chaperone and protease  in an ATP-
independent manner [373]. The HTRA family of proteins were initially identified in E. 
coli, where HTRA1 mutants failed to grow at elevated temperatures [374] or failed to 
digest periplasm located misfolded proteins (DegP) [375]. Consequently, the HTRA 
family of proteins has been shown to promote tolerance against protein folding 
stresses of various origins. Besides fulfilling basic maintenance task on a cellular 
level such as degradation of misfolded or damaged proteins, HTRAs are further 
involved in the regulation of various signaling pathways by inactivating corresponding 
signaling molecules [373]. HTRA1 and HTRA2 are considered to be key regulators of 
tumour development [372, 373, 376-381]. Whereas HTRA1 is a secreted protease, 
HTRA2 acts exclusively at the intracellular level [377]. HTRA1 is predominantly 
secreted into the extracellular space and only about one fifth remains in the 
cytoplasm, preferentially attached to microtubules and the plasma membrane [376]. 
In bacteria, the HTRA homologue DegP, protects cells from misfolded proteins 
through a combination of chaperone and proteolytic activity [373, 382]. DegP 
recognizes misfolded proteins via its PDZ domain 1 (postsynaptic density of 95 kDa, 
Discs large and zonula occludens 1), which assists in bringing the substrate into the 
vicinity of the proteolytic site for subsequent degradation. 
 
1.8.1. Structural properties 
 
The HTRA family of proteins share the same well conserved architectural properties 
such as an N-terminal signal sequence in the mammalian HtrA1, -3 and -4 which is 
crucial for the directed secretion, a trypsin-like protease domain, one or two carboxy-
terminal PDZ domains, an Insulin-like growth factor-binding protein (IGFBP) /Mac25 
domain and a Kazal-type serine protease inhibitor domain [373]. One common 
feature amongst the HTRA family of proteases is their assembly in a homo-
oligomeric state, ranging from trimers to dodecamers. However, the functional unit of 
HTRA1 seems to be a trimer with a switch from lower to higher oligomeric states 
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upon substrate binding [383-386]. The oligomer is stabilized by residues of the 
protease domains, and has a funnel-like shape with the functional protease domains 
located at the top and the PDZ domains ranging to the outside (see Figure 5). The 
PDZ domain is mediating specific protein-protein interactions by preferentially binding 
to 3-4 amino acid residues at the C-terminus of target proteins [387]. Due to their 
high mobility, the PDZ domains are thought to move around till they capture a 
substrate molecule, which upon binding, is then delivered to the proteolytic active 
interior of the funnel-shaped trimer [373].  
 
 
Fig. 5: Ribbon structure of inactive HtrA1 [386] 
 
The function of the IGFBP/Mac25 domain remains to be elucidated, although it is 
predicted that it contributes to the substrate specificity of the PDZ domain as it is 
known that IGFBP/Mac25 regulates IGF signaling by assisting binding and cleavage 
of IGFBP-5 [388]. Another common feature amongst the HTRA family of proteins is 
the Kazal-type serine protease inhibitor domain which is located upstream of the 
protease domain and it is suggested that it inhibits the proteolytic activity in the 
absence of a substrate by specifically binding to the proteolytic active domain, 




1.8.2. Proteolytic activity 
 
The PDZ domain is connected to the protease domain via a flexible linker allowing 
mobility upon substrate binding, which then triggers activation of the protease activity 
along with its homo-oligomerization. In contrast to its bacterial homologues, the 
proteolytic activation of mammalian HTRA1 is unique by means of the fact that the 
PDZ domain is not required for its activation as constructs without the PDZ domain 
show no reduction in activity [386]. The specificity of HtrA1 lies on the one hand 
within the amino acid composition of the catalytic triad which in turn specifies the 
secondary structure of the proteolytic site [373] and on the other hand within the 
before mentioned substrate specificity of the PDZ domain. In the native protein, the 
signal of a misfolded protein bound to the PDZ domain is transmitted to the protease 
of HTRA1 via the L3 sensor loop. Activity of HTRA1 is precisely regulated by 
induced-fit substrate binding and reversibly switched on and off upon peptide binding 
to the proteolytic site, in contrast to the activation of classical serine proteases [376]. 
Consequently, another regulatory mechanism has to exist to regulate its proteolytic 
activity, most likely mediated through local restriction to certain subcellular 
compartments [376]. Besides its capacity for protein-protein interactions, the PDZ 
domain is further capable of interacting with phospholipids in biological membranes 
via its positively charged patches to a negatively charged counterpart [376]. 
 
1.8.3. Chaperone and signaling functions 
 
Besides their protease activity, bacterial HTRAs are involved in protein quality control 
and exhibit various chaperone functions for protein stabilization [373]. DegP as found 
in Gram-negative bacteria, protects cells from folding stresses through a combined 
proteolytic and chaperone activity [373, 382]. Similar to its eukaryotic counterpart 
HTRA1, DegP utilizes its PDZ domain 1 to recognize misfolded polypetides and 
subsequently upon binding, presents the substrate to the proteolytic site. Additionally, 
DegP exerts its chaperone function in multiple ways such as protecting folded 
proteins during the periplasmic shuttling by encapsulation [383] or by promoting 
folding of the periplasmic α-amylase MalS through facilitation of crucial disulphide 
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bond formation [382, 392]. DegP has also been reported to assist in refolding of 
denatured citrate synthase [382] and through this “holding” action preventing 
aggregation of non functional proteins [393, 394]. 
Furthermore, HTRAs have been suggested to exert signaling tasks in eukaryotic 
systems, as in the case of HTRA1 where loss of function has been correlated with 
decreased sensitivity to anti-cancer drugs along with an increase in cell migration 
[395-397]. This is in contrast to its over-expression, which acts to inhibit proliferation 
in vitro and tumour growth in vivo [380]. Consequently, HTRA1 may act as a tumour 
suppressor [376]. HTRA1 has been shown to stimulate cell proliferation through IGF1 
release upon IGFBP5 cleavage [388]. It also has been reported to be involved in 
neuronal maturation by proteolytic inactivation of TGF-β [398] and further act to 
inhibit cell proliferation by binding to multiple TGFβ family members, such as BMP4, 
growth differentiation factor 5 (GDF5) and activin [399]. As previously mentioned, 
HTRA1 is known to regulate mTOR signaling through cleavage of TSC2 and thereby 
affect downstream 4E-BP2 and S6K [400]. The extracellular activity of HTRA1 
involves degradation of proteins within the extracellular matrix, such as fibromodulin, 
decorin, fibromodulin, clusterin, a disintegrin and metalloproteinase domain-
containing 9 (ADAM9), vitronectin, α2-macroglobulin [401] aggrecan, type II collagen, 
biglycan, clusterin [399, 402], and amyloid precursor protein fragment Aβ [403], 
thereby triggering various signaling cascades. 
 
1.8.4. HTRA1 in musculoskeletal diseases (MSDs) 
 
Evidence now exists that HTRA1 also plays a critical role in the development and 
progression of MSD [372] affecting bone, cartilage and muscle, by its ability to modify 
the ECM through degradation of components such as fibronectin, type-II collagen, 
decorin, aggrecan, elastin, bone sialoprotein and matrix Gla protein, leading to 
subsequent fragment related malignancies [372, 403-409]. Some of the MSDs in 






Increased production of HTRA1 has been associated with osteoarthritis, a disease 
characterised by degeneration of the articular cartilage [404, 406]. Similarly, in 
rheumatoid arthritis, synovial fibroblasts are suggested to play a key role in the 
process of degradation [403, 406, 410] by secretion of matrix-degrading enzymes, 
such as matrix metalloproteinases (MMPs), whose production has been shown to be 
upregulated in response to HTRA1 [409, 411]. Furthermore, it has been suggested 
that this effect may be indirectly mediated through the proteolytic generation of 
fibronectin and proteoglycan fragments by HTRA1 [403, 409, 412, 413]. 
 
1.8.6. Intervertebral disc (IVD) degeneration 
 
Similarly, changes in turnover of extracellular matrix and cell activity due to an 
excess of matrix degrading enzymes are thought to be the main underlying cause for 
the degeneration of IVDs [406, 414-416]. Furthermore, HTRA1 was shown to be 
upregulated in tissue samples taken from degenerated human IVDs, along with 
increases in reactive fibronectin fragment species [393]. Furthermore, both HTRA1 
and fibronectin fragments were capable of inducing MMP production by isolated IVD 
cells, thereby providing further support for HTRA1’s detrimental role in IVD 
degeneration [407]. 
 
1.8.7. Muscle dystrophy 
 
IGFBP5 represents another potential HTRA1 substrate, acting as a positive regulator 
of muscle regeneration, and is thought to be of central importance in influencing the 
development of Duchenne muscular dystrophy (DMD) [388, 406, 417]. DMD is 
characterized by progressive muscle degeneration, where muscle fibres are 
degenerated and replaced by adipose and fibrous tissue [418, 419], ultimately 
leading to premature death. Based on the observation that HTRA1 levels are 
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elevated in DMD patients and IGFBP5 decreased, it has been hypothesized that 
HTRA1 acts to impair IGFBP-mediated muscle regeneration resulting in increased 
adipose and fibrous tissue within the muscle, and thus paving the way for muscular 
dystrophy [406]. In contrast to its degenerative actions, HTRA1 has also been 
identified as a positive regulator of human MSC osteogenesis, being expressed in 
osteocytes and osteoblasts within the bone matrix [399, 402]. 
1.8.8. HTRA1 in bone formation 
 
The contribution of HTRA1 to osteogenic differentiation and bone formation has been 
shown in developing mouse embryos, as well as in an adult mouse fracture model 
[399, 402]. In differentiating osteogenic human BMSCs in vitro, an increase in 
HTRA1 production in the early phase of osteogenic induction has been observed in 
association with increases in the well-known osteogenic markers Runx2, ALP, IBSP 
and COL1A1 [372]. Furthermore, the knock-down of HTRA1 impaired hBMSC 
osteogenesis and additionally enhanced adipogenesis [372]. By contrast, earlier 
studies have shown that HTRA1 overexpression in differentiating mouse 2T3 
osteoblasts, prevented BMP-2 induced mineralization. It was suggested that these 
effects were mediated through both the protease and PDZ domain possibly 




1.9. A blend of vitamin A and HTRA1 for robust osteogenesis? 
 
1.9.1. Vitamin A in the historical context 
 
The Nobel prize awarded for the discovery of vitamin A goes back to the year 1906, 
when Hopkins discovered that no animal can survive only on a mixture of protein, fat, 
carbohydrates, water and salt [420], but an “accessory fat soluble food factor” [421], 
later termed “fat soluble A” [422] and finally vitamin A, was essential for survival 
[423]. Soon afterwards, physiological hypervitaminosis A was found to cause thinning 
of the long bone cortex with subsequent spontaneous fractures [424-426]. Vitamin 
A’s dual effects on bone formation are most likely due to dose dependent 
physiological responses. At concentrations in the nanomolar range, vitamin A has 
been reported to act as an inhibitor of bone formation [427-431], whereas at the 
micromolar range, it takes on an enhancing role [432]. 
 
1.9.2. Vitamin A uptake and metabolism 
 
Vitamin A is taken up with the regular diet in the form of either retinyl esters as found 
in eggs, liver, milk, cereals or as carotenoids from vegetables such as spinach and 
carrots [433]. Enterocytes take up retinyl esters and carotenoids to incorporate them 
into the chylomicrons and subsequently release them into the circulatory system via 
the lymphatic system. Vitamin A can be converted to an active form, termed retinol, 
or can be stored as retinyl esters [432, 433]. Within the target cells, retinol is oxidised 
to retinal by alcohol dehydrogenase and bound to cellular retinol-binding protein 
(CRBP) for the next oxidation step, in which retinal dehydrogenase (RALDH) oxidises 
it to the biological active form, ATRA [432]. Within the cell, a physiological level of 
ATRA is maintained through its active synthesis by RALDH, and its oxidative 
metabolism through cytochrome P450s such as CYP26A1 and CYP26B1 [434-437]. 
ATRA can be further metabolized to more polar, biological inactive products such as 
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4-hydroxy-retinoic acid (4-OH-RA), 18-hydroxy-retinoic acid (18-OH-RA), 4-oxo-RA 
and 5,6-epoxy-retinoic acid (5,6-epoxy-RA) [438, 439]. 
 
1.9.3. ATRA mediated signaling 
 
There are three isotypes of retinoic acid receptors (RARs) α,β and γ, with at least two 
different isoforms each, which upon binding of ATRA, heterodimerize with the co-
receptor retinoid X receptor (RXRA) and act as transcriptional activators by binding to 
the RARE within promoters of target genes [440-443]. After ATRA is bound, the 
RXR/RAR heterodimer undergoes a conformational change within the ligand binding 
domain, which in turn facilitates the recruitment of co-activators, such as of steroid 
receptors (SRC)/p160 and p300/CREB-binding protein [440, 441].  
 
1.9.4. ATRA as inducer and inhibitor of transcription 
 
The primary ATRA response can occur within minutes and promote transcription of 
RARE harbouring immediate early genes, which are mainly coding for transcription 
factors such as the homeobox gene (HoxaI) [444, 445]. These primary effects of 
ATRA on transcription factor activation can also result in a secondary response, 
leading to the transcription of genes which do not harbour an active RARE [446]. In 
the absence of ATRA, co-repressors, such as nuclear receptor co-repressor (NCoR), 
silencing mediator of RAR and thyroid hormone receptor (SMRT) [447], histone 
deacetylases (HDACs) and mSin3A bind and actively repress binding to RARE 
elements and subsequent transcriptional activation [440, 448]. By contrast, ATRA 
can also repress transcription by increasing expression of genes such as orphan 
nuclear receptor germ cell nuclear factor (GCNF) which then acts as a repressor for 
genes necessary for maintenance of pluripotency such as Sox2, Nanog and Oct4, 
and thereby induce differentiation [449, 450]. Translocation of the activated 
RXR/RAR complex to the nucleus is facilitated either by cellular retinoic acid-binding 
protein II (CRABPII) or fatty acid-binding protein (FABP) 5 [441]. Contrary to 
CRABPII, FABP5 fosters binding of ATRA to peroxisome proliferator-activated 
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receptors (PPARs) α, β, γ and δ, which can also heterodimerize with RXR and 
activate PPAR response elements (PPRE) in promoter regions of target genes [451-
454].  
 
1.9.5. Receptor cross-talk 
 
Last but not least, besides RARs, RXRs and PPARs, retinoids can also bind retinoid-
related orphan receptors (ROR) β and γ [455, 456], which regulate gene transcription 
by binding to their cognate ROR response element (RORE) within target genes as 
monomers [457, 458]. In addition to their effects at the genomic level, retinoids have 
also been shown to possess non-genomic regulatory potential such as the 
phosphorylation of proteins and binding to RNA. ATRA can trigger phosphorylation of 
ERK [459], which can then induce phosphorylation and activation of other 
downstream kinases [432, 441]. Another non-genomic action of cytosolic RARA is 
RNA related, as it has been reported to bind to mRNAs and specifically inhibit their 




1.10. Hypothesis and aims of the thesis 
 
It has been shown that HTRA1 is up-regulated in mASCs undergoing osteogenic 
differentiation [372] and it is well reported that ATRA, used as active component in 
osteogenic induction media, regulates development [463], differentiation and 
proliferation of stem cells [446]. Knock-down of HTRA1 in hBMSCs impairs their 
osteogenic differentiation potential, therefore not only highlighting the importance of 
HTRA1 in human MSC osteogenesis, but also raising the question as to whether 
HTRA1 regulates osteogenesis in MSCs from other sources and species, and 
through what mechanism does it mediate its pro-osteogenic effects. 
Therefore, it is hypothesized that HTRA1 also plays an important role in regulating 
ATRA-mediated mASC osteogenesis and that it influences the activation of specific 
osteoinductive signaling pathways. This hypothesis will be tested by fulfilling the 
following aims: 
 
• Aim 1: Identify the regulatory pathways governing ATRA-induced HtrA1 
expression in mASCs. 
 
• Aim 2: Examine the effects of ATRA on signal transduction pathways in 
osteogenic mASCs. 
 
• Aim 3: Evaluate the contribution of HTRA1 to ATRA-mediated mASCs 
osteogenesis. 
 
• Aim 4: Determine a mechanism of action for HTRA1 in regulating ATRA-
mediated mASC osteogenesis.  
 
The results generated from this study will enhance our understanding of the role 
played by HTRA1 in the osteogenic differentiation of mASCs and subsequently allow 
further insight into the intricacies governing this process. Furthermore, the 
identification of new and novel signaling events controlling osteogenesis will further 
reveal new targets, which could be manipulated for the purpose of enhancing, or 
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Adipogenesis is the process by which mesenchymal stem cells (MSCs) develop into lipid-
laden adipocytes. Due to their high prevalence within adipose tissue, adipocytes play a central 
role in regulating circulating fatty acid levels, which is considered to be of critical importance 
in maintaining insulin sensitivity. High temperature requirement protease A1 (HTRA1) is a 
newly recognized regulator of MSC differentiation, although its role as a mediator of 
adipogenesis has not yet been defined. The aim of this work was therefore to evaluate 
HTRA1’s influence on hMSC adipogenesis and to establish a potential mode of action. We 
report that the addition of exogenous HTRA1 to adipogenic human MSCs suppressed their 
ability to develop into lipid laden adipocytes. These effects were demonstrated as being 
reliant on both its protease and PDZ domain, and were mediated through the actions of c-Jun 
N-terminal kinase (JNK) and matrix metalloproteinases (MMPs). The relevance of such 
findings with regards to HTRA1’s potential influence on adipocyte function in vivo, is made 
evident by the fact that HTRA1 and MMP-13 were readily identifiable within inflammatory 
infiltrate present in visceral adipose tissue samples from insulin resistant obese human 
subjects. These data therefore implicate HTRA1 as a negative regulator of MSC adipogenesis 







Adipogenesis is a complex developmental process in which mesenchymal stem cells (MSCs) 
first become committed adipo-precursor cells and then undergo a tightly regulated 
differentiation program to generate mature adipocytes [1, 2]. Of critical importance in the 
body’s ability to adapt to energy requirements, is the capacity for pre-adipocytes to develop 
into adipocytes and for them to be able to acquire more fat. Both these conditions require 
alterations in cell shape and volume, and are heavily reliant on the versatility and integrity of 
the adipocyte extracellular matrix (ECM), termed basal lamina [3]. The basal lamina is 
composed of numerous core proteins, including type IV collagen [4, 5], various laminin 
isoforms [5], and heparan sulfate proteoglycan (HSPG) [6] to name but a few, and is subject 
to continual turnover mediated by a wide variety of matrix metalloproteinases (MMPs) [7, 8]. 
Interference with basal lamina dynamics may therefore have significant consequences to 
adipogenesis and subsequent adipocyte stability. 
Dysregulation of adipogenesis and adipose tissue remodeling has been linked to 
several human disorders, most notably of which is obesity-induced insulin resistance [9, 10]. 
A characteristic feature of obese adipose tissue is the presence of an inflammatory infiltrate 
consisting mainly of macrophages, thought to be instigated by elevated levels of adipocyte-
derived cytokines as well as an increased incidence of adipocyte cell death [11]. Exposure to 
such an environment not only impairs adipocyte responsiveness to insulin, but can also lead to 
deviations in the differentiation status of pre-adipocytes [9]. As such, there is currently a 
strong focus on the identification of key factors involved in the regulation of adipogenic 
commitment. 
HTRA1 has been newly identified as a modulator of human MSC (hMSC) 
differentiation, whereby it acts to enhance osteoblast formation most likely through 
proteolytic modification of the ECM, and its expression levels in bone tissue coincide with 
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the appearance of new bone formation during fracture repair in mice [12]. Furthermore, 
preliminary findings from loss of function studies have suggested that HTRA1’s ability to 
influence hMSC lineage commitment may extend to adipogenic differentiation [12]. 
However, the extent to which these effects are mediated by secreted HTRA1 and the possible 
mechanisms underlining its mode of action remain to be determined. Certainly, the growing 
number of reports pertaining to HTRA1’s ability to modulate the ECM both under normal 
physiological conditions and in disease, may provide some basis for how it could potentially 
interact with and regulate adipocyte formation [13-15].  
To define HTRA1’s role in adipogenesis and its potential physiological relevance, we 
investigated the effects of exogenously added recombinant HTRA1 on the development of 
hMSCs into mature adipocytes and further analysed its expression levels in visceral adipose 
tissue from obese patients. We demonstrate that HTRA1 acts to significantly suppress 
adipocyte development, primarily through upregulation of JNK activity and MMP production. 
We further localized HTRA1 and MMP-13 to sites of immune cell infiltrate within the 
adipose tissue of an insulin resistant obese patient. This work thus identifies HTRA1 as being 
a potentially novel mediator of adipose tissue homeostasis.   
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MATERIALS AND METHODS 
 
Materials 
Anti-ERK1/2, anti-phospho-ERK1/2 (Thr202/Tyr204), anti-SAPK/JNK, anti-phospho-
SAPK/JNK (Thr183/Tyr185), anti-p38, anti-phospho-p38 (Thr180/Tyr182) were all 
purchased from Cell signaling Technology (Leiden, The Netherlands). Anti-tubulin was from 
Sigma-Aldrich. Anti-type IV collagen (M3F7) and anti-laminin γ-1 (2E8) were from the 
Developmental Studies Hybridoma Bank (University of Iowa). Anti-fibronectin (MAB1936) 
was from Merck Millipore (Schaffhausen, Switzerland). Monoclonal anti-human HTRA1 was 
generously supplied by Prof. Michael Ehrmann (University Duisburg-Essen, Germany) and 
generated as previously described [16].  Rabbit anti-MMP-13 was purchased from Abcam 
(Cambridge, UK). Mouse IgG, HRP- or Cy3-labeled secondary antibodies specific for mouse 
or rabbit IgG were purchased from Jackson ImmunoResearch (Suffolk, UK), and biotin-
labeled goat anti-mouse IgG and Vectastain ABC system used in immunohistochemical 
staining studies was from Reactolab SA (Servion, Switzerland). Biotinylated swine anti-rabbit 
IgG was from Dako (Baar, Switzerland). Histidine-labeled HTRA1 proteins were 
overexpressed in E. coli and purified using previously described methodologies [16].  
 
hMSC Culture 
The hMSCs employed in this work were provided by the Texas A&M Health Science Center 
College of Medicine Institute for Regenerative Medicine at Scott & White through a grant 
from NCRR of the NIH, Grant # P40RR017447. hMSCs were isolated from bone marrow 
aspirates and multipotency fully defined  in accordance with the minimal criteria outlined by 
International Society for Cellular Therapy [17]. hMSCs were maintained at 37°C, in 5% CO2 
and 98% humidity in normal growth medium consisting of Dulbecco’s modified eagle 
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medium (DMEM-low glucose, with GlutaMAX) (Life Technologies, Zug, Switzerland), 
supplemented with 10% fetal bovine serum (FBS, BioWest), penicillin/streptomycin (50 
units/ml; 50 μg/ml), and used between passage 5 and 8 unless otherwise stated.  
 
Adipogenic differentiation of hMSCs 
The adipogenic differentiation of hMSCs was performed using a protocol previously 
established in our laboratory [12]. Briefly, hMSCs seeded in cell culture plates at 10’000 
cells/cm
2
 were incubated for 3 days with adipogenic induction medium consisting of normal 
growth medium (DMEM-high glucose, GlutaMAX) supplemented with 1 µM 
dexamethasone, 10 µg/ml insulin, 0.1 mM Indomethacin, and 0.5 mM isobutylmethylxanthine 
(IBMX) (all from Sigma-Aldrich). Cells were subsequently cultured in adipogenic 
maintenance medium consisting of IBMX-free adipogenic medium, and replenished with 
fresh medium every 72 h for up to 14-24 days unless otherwise stated. Adipocyte formation 
was confirmed by positive staining of lipid droplets by Oil Red O (Sigma-Aldrich). Oil Red O 
staining was quantified by extraction with isopropanol absorption measured at 510 nm using a 
Multiplate reader (Infinite M200, Tecan). Values were normalized to cell number assessed by 
DAPI staining as described below. For recombinant HTRA1 addition studies, hMSCs 
undergoing adipogenic differentiation were treated with recombinant HTRA1 starting at day 3 
after adipogenic induction. For inhibition studies, cells were treated with recombinant 
HTRA1 in the presence of MMP-3 inhibitor NNGH, MMP-13 inhibitor CL-82198, or MAP 
Kinase inhibitors PD98059, SP600125 and SB239063 (all from Enzo Life Science, Lausen, 
Switzerland). DMSO (0.05%) was added as vehicle control and was equivalent to highest 





Gene expression levels were quantified by reverse-transcription quantitative PCR (RT-qPCR) 
using TaqMan Gene Expression Assays (Life Technologies) (Supporting Information Table 
S1) as previously described [12]. Total RNA was harvested from cells at selected time points 
during differentiation and 0.5μg of total RNA reverse-transcribed using Superscript II (Life 
Technologies). An equivalent of 10ng total RNA was applied as cDNA template in the 
successive qRT-PCR reaction using the StepOnePlus (Life Technologies). Values were 
normalized to GUSB mRNA levels and presented as fold change as compared to control cells 





Silencing of HTRA1 and MMP13 gene expression was performed with Silencer Select siRNA 
oligos (Life Technologies) according to the manufacturer’s protocol as previously described 
[12]. For HTRA1 knockdown, hMSCs (1 x105) were transfected with 40 nM HTRA1-specific 
(s11279, s11280) or negative control siRNA (Negative Control-1) using the NEON 
Transfection System (Life Technologies). Transfected cells were immediately seeded in cell 
culture plates with fresh growth medium (without antibiotics) and incubated for 24 h at 37°C, 
5% CO2. Medium was then replaced with either fresh growth medium or adipogenic 
differentiation and total RNA and supernatants harvested at selected time points for further 
analysis. For MMP13 knockdown, adherent hMSCs were initially seeded in cell culture plates 
and cultured in induction medium for 3 days. Thereafter, hMSCs were transfected for 24 h 
with 40 nM MMP13-specific (11496, 104024) or negative control siRNA (Negative Control-
1) using Lipofectamine RNAiMAX (Life Technologies). Supernatants were subsequently 
replaced with adipogenic maintenance medium and total RNA and supernatants harvested at 
selected time points for further analysis. The effect of HTRA1 and MMP13 gene silencing on 







HTRA1 mediated digestion of BODIPY-FL-labeled DQ-elastin or DQ-type IV collagen was 
performed using EnzChek assay kits (Life Technologies) as previously described [18]. 
 
ELISAs 
Extracellular protein levels of HTRA1, MMP-3, MMP-13, syndecan-1 and -4 were measured 
in the supernatants of hMSCs at selected time points by ELISA. The HTRA1 ELISA was 
performed as previously described [19]. The MMP-3, MMP-13, Syndecan-1 and -4 specific 
ELISAs were performed using Duo-Set ELISA Development Systems according to the 
manufacturer's instructions (R & D Systems, Abingdon, UK). 
 
FACS Analysis 
Subconfluent adherent hMSCs were detached using Accutase (Life Technologies) and 
resuspended in ice cold FACS buffer (PBS/BSA 0.1%) in round bottom 96-well plates to 2 
x10
6
/ml. Cells were incubated on ice for 1 h with equimolar concentrations of his-labeled 
recombinant HTRA1 either alone, or in combination with heparin, heparanase, chondroitinase 
(all from Sigma-Aldrich), collagenase (Roche), or peptide competitors of integrin binding 
CS1 and GRGDSP (from ANAWA Trading SA, Zurich, Switzerland). Cells were then 
washed in cold FACS buffer and incubated with a FITC conjugated rabbit anti-6xHis tag 
antibody (Lucerna-Chem, Luzern, Switzerland) on ice for 1 h. Bound HTRA1 was detected 
by FACS analysis using a FACS-Canto II (BD Biosciences) and quantified using FlowJo 10 
software.  
 
Protein Electrophoresis and Immunoblotting 
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Whole cell extracts from untreated or HTRA1 treated hMSCs were harvested using CelLytic
 
M (Sigma Aldrich) supplemented with protease and phosphatase inhibitor cocktails (Sigma 
Aldrich) and 1mM PMSF at 2 weeks post adipogenic induction. Protein concentrations were 
determined by Bradford-based protein assay (Bio-Rad). Protein samples were boiled for 5 
min in loading buffer (50 mM Tris-HCl, pH 6.8, 2% (v/v) SDS, 10% (v/v) glycerol, 100 mM 
DTT, 0.002% (w/v) bromophenol blue) and equal amounts of protein analyzed by SDS-
PAGE using or 10% or 4-15% precast Tris-HCl gels (BioRad) under reducing conditions and 
electroblotted onto PVDF membranes using the Trans-Blot Turbo blotting system (BioRad). 
Membranes were then blocked with 5% (w/v) skim milk in TBST (50mM Tris-HCl, pH 7.6, 
150mM NaCl, 0.05% (v/v) Tween 20) for 1 h at room temperature and then incubated with 
specific antibodies overnight at 4°C at recommended dilutions in blocking buffer. Antibody 
binding was detected using HRP-conjugated secondary antibodies followed by incubation in 
Super Signal West Pico or West Dura Chemiluminescent Substrate (Life Technologies) and 
exposed to x-ray film. 
 
Preparation and identification of Fnfs 
For the identification of native Fnfs in supernatants, hMSCs undergoing adipogenic 
differentiation for 14 days were treated for a further 24 h with HTRA1 (45 nM) in fresh 
growth medium without FCS. Where indicated, HTRA1 was also added in combination with 
CL-82198 (20 nM). Supernatants were then harvested and immediately placed on ice. Cellular 
debris was removed by centrifugation and the remaining supernatant concentrated 40-fold by 
centrifugation at 3000G for 30 min in Amicon Ultra columns (10 kDa size exclusion, 
Millipore). Concentrated protein solutions were then supplemented with protease inhibitor 
cocktail (1:100, Sigma Aldrich) and 1mM PMSF and separated on a 4-12% SDS-PAGE pre-
cast gel (BioRad). Methods for preparing purified Fnfs generated from HTRA1-digested 
plasma fibronectin were carried out as previously described [18]. Fnfs were visualized by 
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immunoblotting using a specific antibody against the N-terminus of fibronectin and detected 
using an HRP-conjugated secondary antibody as described above.  
VLDL uptake 
Lipid uptake by adipogenic hMSCs was performed using DiI-labeled human VLDL (KALEN 
Biomedical) at late time points of adipogenesis between days 18-24. Cultured hMSCs were 
rinsed once with PBS and then incubated for 3 h under standard culture conditions in assay 
buffer supplemented with DiI-labeled VLDL (4 µg/ml) and carrier protein ApoE2 (3 µg/ml, 
PeproTech, UK). Following incubation, cells were washed 3 times with PBS and fixed with 
PBS-buffered formaldehyde (4%) for 30 min. Nuclei were stained with DAPI (1:10’000) in 
PBS for 10 min and mounted in Mowiol containing 2.5% (w/v) DABCO. Images were 
captured using a Leica DMI6000B automated inverted research microscope system (Leica 
Microsystems). Relative linear median fluorescence intensity (RMFI) was quantified using 
NIH ImageJ software as described previously with some modifications [20]. Briefly, images 
were processed using identical image acquisition settings and exposure times. TIFF files were 
converted to 8-bit gray-scale mode and inverted onto a white background. Negative and 
positive staining controls were used to set measurable limits and threshold levels, and were 
then applied to all samples. Finally, RMFI was calculated as mean grey value per area and 
normalized to the number of cells per image as assessed by automated counting of DAPI-
positive nuclei staining using the ImageJ software.   
 
Immunofluorescence staining 
hMSCs undergoing adipogenesis were fixed with PBS-buffered formaldehyde (4%) for 30 
min, washed 3 times with PBS and then blocked for 30 min in 2% BSA and 5% normal goat 
serum in PBS. Cells were incubated overnight at 4
o
C with a monoclonal mouse anti-type IV 
collagen or monoclonal mouse anti-Laminin γ-1 antibodies, or an isotype control at an 
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equivalent concentration. Antibody binding was detected using a Cy3-conjugated secondary 
antibody and nuclei stained with DAPI. Cells were mounted with Mowiol containing 2.5% 
DABCO and images captured using a Leica DMI6000B automated inverted research 
microscope system (Leica Microsystems). Positive staining was quantified as described 
above. Relative mean fluorescence intensity (RMIF) was quantified using NIH ImageJ 
software as described above. 
 
Immunohistochemical staining 
Dewaxed paraffin sections of adipose tissue were rehydrated and blocked in normal serum 
(Jackson ImmunoResearch) for 30 min. Sections were then incubated for 1 h at 37
o
C with 
monoclonal mouse anti-HTRA1 (2.5 µg/ml) or rabbit anti-MMP-13 (5 µg/ml), and staining 
specificity controlled for using either mouse or rabbit IgG at equivalent concentrations. 
Sections were then washed in PBS and incubated with biotinylated goat anti-mouse IgG 
(1:200) or swine anti-rabbit IgG (1:400) for 1 h at 37
o
C followed by washing and a further 
incubation for 30 min with Vectastain. Sections were then developed using 3,3' 
diaminobenzidine tetrahydrochloride (DAB), counterstained with Harris’ Hematoxylin and 
mounted in Mowiol. 
 
Human Patients 
Visceral tissue was obtained during bariatric surgery from morbidly obese, non-diabetic 
patients (Supporting Information Table S2). All adipose tissue donors gave written informed 
consent before the study, which had been approved by the Ethics Committee of the Medical 
Faculty, University of Leipzig. Insulin sensitivity was defined by the glucose infusion rate 






Two-tailed unpaired Student’s t-test for comparison of two groups or one-way analysis of 
variance (ANOVA) with Tukey’s post hoc test for multiple group comparisons were used. In 
all cases, a P-value of < 0.05 was considered statistically significant, and all data were 




HTRA1 suppresses lipid uptake and droplet formation in adipogenic hMSCs 
Preliminary studies utilizing an HTRA1-specific ELISA were conducted to investigate 
HTRA1 production by hMSCs. In undifferentiated control hMSCs, secreted HTRA1 levels 
increased over culture time, reaching a maximum level of 9.6 ± 0.5 ng/ml after 10 days of 
culture (Fig. 1A). HTRA1 production also increased over time in hMSC cultures undergoing 
adipogenesis, although levels were significantly reduced as compared to the undifferentiated 
control hMSCs throughout the 2 week culture period. Interestingly, these observations are in 
direct contrast to the stimulatory effects of osteogenic induction on HTRA1 production by 
hMSCs [12]. These data therefore suggest that reductions in HTRA1 might be a necessary 
requirement for hMSC adipogenesis. To address this model, we effectively eliminated 
endogenous HTRA1 from the culture system through the use of small interfering RNA 
(siRNA) (Supporting Information Fig. S1A) and assessed the ability of hMSCs to undergo 
adipogenesis using Oil Red O staining. Indeed, hMSCs deficient in HTRA1 produced 
significantly more lipid droplets than those treated with control siRNA, thereby indicating 
that loss of HTRA1 had an overall positive influence on adipocyte formation (Fig. 1B). 
Furthermore, stimulation of HTRA1 deficient hMSCs with functional HTRA1 could reduce 
Oil Red O staining to a level comparable to that observed in control cultures (Fig. 1C). These 
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studies also provided the first evidence that the addition of exogenous HTRA1 acts to 
suppress lipid droplet formation in developing adipocytes. Note that an HTRA1 variant 
(∆Mac) was used that is lacking its N-terminal Mac domain, for which no function is known 
to date [22] (Supporting Information Fig. S1B). Furthermore, N-terminal truncation does not 
affect HTRA1 function (Supporting Information Fig. S1C) and therefore this variant is termed 
HTRA1 throughout. 
As HTRA1 contains both a C-terminal PDZ domain and a functional serine protease 
domain, we asked whether either domain was required for determining HTRA1’s inhibitory 
influence over hMSC adipogenesis. Therefore, we generated several different proteolytically 
active and inactive recombinant HTRA1 proteins (Supporting Information Fig. S1B and S1C) 
and assessed their ability to influence oil droplet formation in adipogenic hMSCs. Indeed, 
inactivation of HTRA1’s proteolytic activity through replacement of residue Ser328 with Ala 
(HTRA1 S328A), significantly impaired it’s ability to inhibit lipid droplet formation in 
adipogenic hMSCs (Fig. 1D). Similarly, deletion of the PDZ domain in proteolytically active 
HTRA1 (HTRA1∆PDZ) also abolished its inhibitory action on hMSC adipogenesis. These 
findings led us to conclude that HTRA1’s inhibitory influence over hMSC adipogenesis most 
likely involves its binding to one or more substrates essentially involved in the development 
of lipid laden adipocytes, possibly via its PDZ domain. When considering potential substrate 
candidates, we became aware of a previous study in which HTRA1 was shown to cleave 
Xenopus syndecan-4 [23]. Syndecans are cell surface HSPGs and represent a predominant 
feature of developing adipocytes, in which they play a central role in mediating lipid uptake 
[6]. In order to investigate this, we assessed the potential for various recombinant HTRA1 
proteins to bind to hMSCs using fluorescence activated cell sorting (FACS) analysis. We 
could demonstrate that intact, but proteolytically inactive HTRA1 S328A was able to bind to 
hMSCs in a PDZ-dependent manner (Fig. 2A). The involvement of the PDZ domain in 
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cellular binding of HTRA1 was further substantiated through the use of a recombinant 
HTRA1 containing the PDZ domain only (HTRA1∆protease) (Fig. 2B). We next investigated 
whether removal of heparan sulfate (HS) using heparanase or competition with heparin could 
reduce cellular binding of HTRA1, and thereby provide support for an HTRA1-HSPG 
interaction. Indeed, the ability of HTRA1 S328A (Fig. 2C) and HTRA1∆protease (Fig. 2D) to 
bind to hMSCs was markedly reduced by pre-treatment with heparanase. Similarly, pre-
treatment of cells with heparin could also dramatically reduce cellular binding of both 
HTRA1 S328A (Fig. 2E) and HTRA1∆protease (Fig. 2F). By contrast, replacement of 
heparanase with collagenase (Supporting Information Fig. S2A) or chondroitinase 
(Supporting Information Fig. S2B), and heparin with integrin-binding competitor peptides 
CS-1 (Supporting Information Fig. S2C) or GRGDSP (Supporting Information Fig. S2D), had 
little or no effect on the cellular binding capacity of HTRA1’s PDZ domain. 
Although these data demonstrated HTRA1’s ability to bind to HSPG, they fell short of 
confirming whether HSPG was a proteolytic substrate of HTRA1. To address this question, 
we used an ELISA to determine levels of cleaved soluble syndecan-4 in supernatants from 
hMSCs at various stages of adipogenesis. Low levels of soluble syndecan-4 were observed at 
day 10 (4.2 pg/ml ± 1.5) and day 21 (16.4 pg/ml ± 1.9) in normally differentiating adipogenic 
hMSCs (Fig. 2G). By contrast, significantly higher soluble syndecan-4 levels were measured 
in hMSCs treated with HTRA1 at day 10 (44.8 pg/ml ± 3.5; P < 0.001) and day 21 (84 pg/ml 
± 7.7; P < 0.001). Again, these effects were determined as being dependent on HTRA1 
possessing an intact PDZ domain, and were therefore in accordance with the findings from 
our binding studies. Studies were also undertaken to examine soluble syndecan-1. However, 
protein levels remained below detection limits in all treatment groups (data not shown). Based 
on syndecan-4 being a prominent regulator of lipid uptake by differentiating adipocytes [6], 
we surmised that HTRA1-induced syndecan-4 shedding would result in  significant 
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impairment of this process. Studies to investigate activate lipid uptake in adipogenic hMSCs 
were therefore undertaken using fluorescently labeled VLDL (VLDL-DiI). The uptake and 
accrual of high levels of VLDL-DiI in normally differentiating cells was apparent after a 3 h 
incubation period (Fig. 2H). However, VLDL-DiI levels were significantly diminished in 
hMSCs that had previously been treated with HTRA1. Furthermore, the inability of HTRA1 
to exert a significant influence over VLDL-DiI uptake in the absence of either a protease or 
PDZ domain, convincingly supports a causal relationship between HTRA1’s ability to impair 
lipid accrual in adipogenic hMSCs and its propensity to interact with and cleave HSPG from 
the cell surface.  
 
Induction of MMPs by HTRA1 
Although HTRA1 has the potential to directly interact with and cleave HSPG, it is also 
possible that the observed effects are indirect e.g. via other proteases. Our previous studies 
utilizing synovial fibroblasts and intervertebral disc cells have identified MMPs to be strongly 
upregulated in response to HTRA1 stimulation, being mediated through the production of 
reactive fibronectin species [18, 19]. In addition to their ability to induce HSPG cleavage and 
shedding [24], MMPs are also potent regulators of adipogenesis, having both inhibitory and 
stimulatory effects [7, 8, 25]. This led us to investigate the possibility that MMP production 
by adipogenic hMSCs might be regulated by HTRA1. Indeed, treatment of adipogenic 
hMSCs with HTRA1 resulted in significant increases in the mRNA expression levels of 
MMP1 (Fig. 3A), MMP3 (Fig. 3B), MMP9 (Fig. 3C), and MMP13 (Fig. 3D). Additionally, 
ELISA measurements of supernatants revealed significant increases in MMP-3 (Fig. 3E) and 
MMP-13 (Fig. 3F)  protein levels. Small, but significant increases in MMP9 and MMP13 
mRNA expression, along with MMP-3 and -13 protein production, were also observed in 
hMSCs treated with HTRA1 S328A, although to a significantly lesser degree as compared to 
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HTRA1. In order to ascertain whether the observed increases in MMP production were 
associated with increases in MMP activity, we undertook immunofluorescence studies to 
assess the levels of major MMP substrates present within cultures of differentiating hMSCs. 
The basal lamina of adipogenic hMSCs stained positive for both laminin (Fig. 4A) and type 
IV collagen (Fig. 4B) at day 22 after adipogenic induction. Based on HTRA1’s ability to 
upregulate MMP production, we additionally examined whether it could also induce 
alterations in type IV collagen and laminin in adipogenic hMSC cultures. Indeed, treatment 
with HTRA1 resulted in a significant reduction in the levels of both laminin (Fig. 4A) and 
type IV collagen (Fig. 4B). Furthermore, the effects of HTRA1 were significantly more 
pronounced than either HTRA1 S328A or HTRA1∆PDZ, and were therefore in accordance 
with HTRA1’s ability to regulate MMP production. Although it’s possible that changes in the 
basal lamina were additionally due to factors other than MMPs, we are confident that they 
were not the direct result of HTRA1’s actions based on the findings from previous studies in 
which HTRA1 failed to degrade either type IV collagen or laminin [13]. Indeed, we were only 
able to observe partial degradation of type IV collagen by HTRA1 at concentrations starting 
from 0.86 µM, 20-fold higher than that used in our culture system (Supporting Information 
Fig. S3). 
As HTRA1-generated fibronectin fragments (Fnfs) are known to be potent stimulators 
of MMP production [18, 19], we additionally investigated whether such fragments could be 
identified within adipogenic hMSC cultures. Protein analysis of supernatants from hMSCs 
identified several Fnf species, including the well described 29 kDa Fnf (Supporting 
Information Fig. S4A) [18, 19]. Interestingly, levels of this particular fragment decreased 
upon adipogenic induction of control cultures, but was still present in the supernatants of 
adipogenic hMSCs treated with HTRA1. Furthermore, proteolytic inactive HTRA1 S328A 
failed to generate such Fnfs, thereby confirming it to be dependent on HTRA1’s protease 
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activity. In order to investigate whether the 29 kDa Fnf had the same capabilities as HTRA1 
in terms of stimulating MMP production by adipogenic hMSCs, we purified HTRA1-
generated Fnfs (Supporting Information Fig. S4B) and assessed their ability to influence 
MMP expression in comparison to HTRA1. Although Fnfs at a final concentration of up to 40 
µg/ml were able to stimulate MMP1 (Supporting Information Fig. S4C), MMP3 (Supporting 
Information Fig. S4D) and MMP13 (Supporting Information Fig. S4E) expression in 
adipogenic hMSCs, levels were significantly reduced as compared to HTRA1 treatment. 
Moreover, the addition of Fnfs failed to have any significant impact on the level of oil droplet 
formation in adipogenic hMSCs (Supporting Information Fig. S4F). It therefore seems 
unlikely than Fnfs are the major instigators of MMP production and adipogenic suppression 
in hMSCs in response to HTRA1 addition.  
 
The inhibitory effects of HTRA1 are dependent on MMP and MAP kinase activation 
Having established MMP overproduction as being a predominant feature in HTRA1 
stimulated hMSCs, we sought to determine whether they had any significant relevance in 
defining HTRA1’s influence over hMSC adipogenesis. In order to investigate this, we utilized 
MMP inhibitors NNGH and CL-82198 at concentrations deemed to be selective for the 
inhibition of MMP-3 and MMP-13 respectively [26, 27], as well as siRNA targeted 
knockdown of MMP13 gene expression. Initial immunofluorescence studies confirmed that 
type IV collagen levels were significantly elevated in HTRA1-treated cultures when exposed 
to NNGH (Fig. 5A) or CL-82198 (Fig. 5B) as compared to hMSCs treated with HTRA1 
alone. Similarly, both NNGH (Fig. 5C) and CL-82198 (Fig. 5D) significantly reduced 
HTRA1’s ability to generate cleaved soluble syndecan-4 in adipogenic hMSC cultures in a 
concentration dependent manner. Based on our assumption that alterations in basal lamina 
composition are the predominant driving force behind HTRA1’s anti-adipogenic effects, we 
anticipated that the inhibition of either MMP-3 or MMP-13 in HTRA1-treated cultures should 
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preserve adipocyte development as compared to hMSCs treated with HTRA1 alone. In order 
to investigate this, we quantified Oil Red O staining in adipogenic HTRA1-treated hMSCs 
cultured in the presence or absence of either MMP inhibitor. Our findings confirmed that 
inhibition of either MMP-3 (Fig. 5E) or MMP-13 (Fig. 5F) could significantly restore oil 
droplet formation in HTRA1-treated adipogenic hMSCs to levels similar to those observed in 
adipogenic hMSCs cultured in the absence of HTRA1. These observations were additionally 
supported when MMP13 gene expression was silenced in adipogenic hMSCs. MMP13 
expression could be effectively suppressed in both HTRA1-treated and untreated adipogenic 
hMSCs (Supporting Information Fig. S5A), and was shown to significantly impair HTRA1’s 
ability to inhibit oil droplet formation as determined by quantitative analysis of Oil Red O 
staining (Supporting Information Fig. S5B). Furthermore, when analyzing the supernatants of 
HTRA1-treated adipogenic hMSCs in which the MMP-13 inhibitor had been added, we 
observed a clear decrease in the amount of the HTRA1-generated 29 kDa Fnf (Supporting 
Information Fig. S5C and S5D). This finding therefore lends additional support to the theory 
that in this culture system at least, HTRA1’s capacity to induce MMP expression and impair 
adipogenesis in hMSCs is primarily mediated through mechanisms unrelated to Fnfs, and that 
at least in the case of MMP-13, Fnf generation in cultured hMSCs is actually dependent on 
the actions of MMPs rather than HTRA1 proteolysis directly.  
 Having therefore confirmed the central importance of MMPs in mediating HTRA1’s 
effects on adipogenic hMSCs, we explored potential mechanisms through which HTRA1 
could induce MMP production. Our previous findings from studies utilizing primary cultures 
of IVD cells have hinted towards the MAP kinase signaling pathway as playing a significant 
role in mediating the upregulation of MMPs in response to HTRA1 [18]. Moreover, 
alterations in MAP kinase activation are known to have a profound influence on both 
adipogenesis and adipose tissue function [28]. Based on this, we investigated the role of MAP 
kinase signaling in adipogenesis and evaluated its involvement in mediating HTRA1’s effects 
121 
 
on adipogenic hMSCs. Initial Western blot analysis of adipogenic hMSCs revealed minimal 
levels of activated ERK, JNK and p38 at day 14 post induction (Fig. 6A). By contrast, 
phosphorylated levels of both ERK, JNK and p38 were noticeably increased in HTRA1-
treated hMSCs in both a protease and PDZ dependent manner. In order to further investigate 
the involvement of MAP kinase signaling in MMP expression in adipogenic hMSCs, we 
utilized MAP kinase inhibitors PD98059, SP600125 and SB239063 at concentrations deemed 
to be selective for the inhibition of ERK, JNK and p38 respectively [29, 30]. Treatment of 
adipogenic hMSCs with MAP kinase inhibitors significantly reduced the basal expression of 
MMP3 at day 17 post induction (Fig. 6B). The enhanced MMP3 expression observed in 
HTRA1-treated adipogenic hMSCs was similarly reduced following the addition of MAP 
kinase inhibitors. By contrast, no significant changes in MMP13 expression levels were 
observed in adipogenic hMSCs treated with PD98059, and HTRA1’s ability to upregulate 
MMP13 expression was not significantly affected (Fig. 6C). However, inhibition of JNK or 
p38 activity had a profound effect on both basal MMP13 levels, as well as on HTRA1 -
mediated upregulation of MMP13 expression. In order to assess the possible consequence of 
such changes in MMP expression on hMSC adipogenesis, we investigated the effects of MAP 
kinase inhibitors on oil droplet formation in hMSCs undergoing adipogenesis. Neither 
PD98059 or SP600125 had any significant effect on oil droplet formation in normally 
differentiating hMSCs (Fig. 6D). By contrast, basal levels of oil droplet formation were 
dramatically reduced in control cultures treated with SB239063. The addition of either 
PD98059 or SP600125 to HTRA1-treated adipogenic hMSCs resulted in significant increases 
in Oil Red O staining, and in the case of SP600125, fully restored oil droplet formation to 
levels comparable to those observed in cultures undergoing adipogenesis in the absence of 
HTRA1. However, the addition of SB239063 failed to alleviate the inhibitory effects of 
HTRA1, and instead led to a significant reduction in Oil Red O staining as compared to 




Detection of HTRA1 in visceral fat from obese patients 
In order to validate the relevance of these findings with regards to HTRA1’s potential role in 
mediating adipogenesis in vivo, immunohistochemical analysis was performed on visceral 
adipose tissue taken from obese patients (Supporting Information Table S2) that were 
diagnosed as being either insulin sensitive (IS) or insulin resistant (IR) as described 
previously in detail [21]. Analysis of visceral fat from either IS (Supporting Information Fig. 
S6A) or IR (Supporting Information Fig. S6B) obese patients revealed HTRA1 primarily 
localized to large blood vessels found throughout the tissue. HTRA1 was also identified in 
areas of macrophage infiltrate detected as crown-like structures in both IS (Fig. 7A) and IR 
(Fig. 7B) obese patients, although the level of staining at these sites was markedly enhanced 
in IR adipose tissue in accordance with increases in infiltrate. Furthermore, immune cell 
infiltrate expressing HTRA1 also showed positive staining for MMP-13 (Fig. 7C), thus re-
enforcing the concept of there being a close working relationship between these two 
proteases. In all cases, specificity of immunostaining was confirmed using relevant IgG 
isotype controls (Fig. 7D-F).  
 
DISCUSSION 
In the current study, we have identified HTRA1 as a potent inducer of MAP kinase-dependent 
MMP production in adipogenic hMSC cultures, the result of which leads to modulation of 
ECM components and impaired lipid droplet accrual in differentiating cells. Furthermore, the 
observation that HTRA1 is present at high levels in visceral adipose tissue at sites of 
increased inflammatory cell infiltration is suggestive of its active involvement in mediating 
adipose tissue function under pathological conditions. 
 HTRA1 is now well established as a key regulator of ECM turnover, having been 
linked to various diseases in which the breakdown of normal ECM is a prominent 
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pathological feature [13-16, 18]. Findings from our own studies into the role of HTRA1 in 
joint and IVD degeneration have led to the suggestion that HTRA1 may instigate tissue 
breakdown through an upregulation in MMP production, most likely via the action of reactive 
Fnf species [18, 19]. In the context of adipose tissue, MMP-mediated ECM remodelling and 
reorganization forms an integral part of normal tissue homeostasis, being required for 
adipocyte differentiation and function [7, 8]. Abnormal fluctuations in MMP levels within 
adipose tissue may therefore represent an important factor in determining adipocyte health 
and subsequent risk of disease. This is supported by our current findings where increased 
production of MMPs by adipogenic hMSCs in response to HTRA1 led to a loss of vital ECM 
components and impaired lipid accrual. Such observations are therefore suggestive of HTRA1 
as having a detrimental role in hMSC adipogenesis and that these effects are related to the 
actions of MMPs. However, in contrast to previous studies [18, 19], these effects do not 
appear to be reliant on the generation of Fnfs. In fact, we provide evidence to suggest that 
MMP-13 itself may be responsible for the appearance of such fragments in response to 
HTRA1. As such, alternative mechanisms must exist through which HTRA1 can instigate 
changes in hMSC MMP production and adipogenic potential.  
Some insights into HTRA1’s mode of action could be gleaned through manipulation 
of its trypsin-like serine protease domain and its protein-binding PDZ domain. Certainly, both 
domains were of critical importance in determining HTRA1’s inhibitory influence over 
hMSC adipogenesis, being required for both efficient MMP production as well as for the 
observed decreases in type IV collagen, laminin and lipid uptake in adipogenic hMSCs. Of 
particular interest was the novel finding that HTRA1 could interact with surface bound HS in 
a PDZ-dependent manner. It is possible therefore that sequestration of HTRA1 to the cell 
surface by HS would allow for close interactions to form between HTRA1 and HS-containing 
glycoproteins. This concept is supported by the finding that increased levels of soluble 
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syndecan-4 could be detected in adipogenic hMSC cultures treated with structurally intact 
HTRA1. Syndecans are important regulators of lipid uptake in differentiating adipocytes [6, 
31] and their liberation from the cell surface by proteolytic cleavage may constitute a 
potential cause of diminished lipid accrual in adipogenic hMSCs following HTRA1 
treatment. In addition to syndecans, numerous other glycoproteins also exist within the 
adipocyte ECM, including the previously identified HTRA1 substrate nidogen [13]. Nidogen 
represents an important stabilizing component of the adipocyte basal lamina through its 
binding to type IV collagen and laminin [32]. The possible targeting of nidogen by HTRA1 
may therefore represent an alternative means through which the ECM could be affected by 
HTRA1, and adipogenesis inhibited. Interestingly, nidogen cleavage by HTRA1 also has the 
potential to generate various fragment species in vitro, although their influence on MMP 
production and adipogenesis remains to be determined.  
HTRA1’s ability to both induce MMP production and inhibit hMSC adipogenesis was 
additionally identified as being dependent on the activities of JNK, and to a lesser extent, 
ERK. Interpretation of the data concerning the involvement of p38 were hampered by the fact 
that inhibition of p38 activation resulted in a significant reduction in oil droplet formation in 
adipogenic hMSCs regardless of treatment conditions. The regulation of MMP expression by 
MAP kinases is well documented [reviewed in 33], and several studies have now identified 
ERK and JNK as potent negative regulators of MSC adipogenesis [34-36]. Despite having 
demonstrated the importance of MAP kinase activation in mediating the effects of HTRA1 
during hMSC adipogenesis, we were unable to ascertain the cause for such signaling events. 
Certainly, both the proteolytic activity and PDZ domain of HTRA1 were essential 
requirements for efficient MAP kinase activation, thereby inferring substrate binding and 
degradation were necessary. One potential means by which HTRA1 could invoke MAP 
kinase activation in the context of the current study, is through syndecan-4 shedding, whereby 
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disruption of the syndecan-4 to MAP kinase signaling cascade may have contributed to 
increases in JNK activity levels [37].  
The relevance of such findings is made apparent by the fact that both MAP kinases 
and MMPs are centrally linked to the pathophysiology of adipose tissue, being implicated in 
the development of insulin resistance in obese mice and humans [28, 38, 39]. Adipocyte 
dysfunction clearly plays a major role in determining the severity of insulin resistance among 
obese patients and as such, factors which negatively influence adipocyte development are 
likely to contribute to and potentially exacerbate  the disease state [9]. In this regard, 
inappropriately high levels of HTRA1 in the adipose tissue of obese individuals may be 
viewed as being potentially harmful and an indication of deficiencies in adipocyte 
development and function. The significance of this is made evident by the fact that HTRA1 
could be detected in the visceral fat from obese patients, and that levels were greatest at sites 
where cellular infiltration was most apparent, encompassing adipocytes in typical crown like 
structures. This, together with the fact that MMP-13 was also localized to these same regions, 
lends further support to the concept of HTRA1 representing a novel mediator of adipogenesis 
and fat turnover. Furthermore, based on the fact that macrophages are considered to represent 
the predominant cell type within crown-like structures [11, 40], and are potent inducers of 
MMPs in adipocytes [41], these findings may also offer a potential source from which 
HTRA1 may be introduced into adipose tissue. 
 
CONCLUSIONS 
In conclusion, our findings identify HTRA1 as a negative regulator of hMSC adipogenesis, 
which may be of relevance when considering its potential role in the underlying processes 
governing adipose tissue and adipocyte dysregulation. Moreover, the differential effects 
imparted by HTRA1 on hMSC adipogenic and osteogenic differentiation may also offer novel 
126 
 
insights  into its potential impact on other pathological conditions such as age-related bone 
loss, where its capacity to inhibit adipogenesis and stimulate osteogenesis would be deemed 
beneficial to the preservation of bone quality [42].  
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Figure 1.  HTRA1 suppresses lipid uptake and droplet formation in adipogenic hMSCs. (A): 
ELISA measurement of HTRA1 secretion in supernatants from undifferentiated (control) and 
differentiated (adipogenic) hMSCs. *p < 0.001 as compared to adipogenic hMSCs. (B): 
Quantification of Oil Red O staining in adipogenic hMSCs treated with scrambled siRNA 
(scr) or siRNAs specific for HTRA1 (H1 and H2) at day 14 post induction. Scale bar = 1 mm. 
(C): Quantification of Oil Red O staining in hMSCs treated with siRNA specific for HTRA1 
(H2), HTRA1 (45 nM) or a combination of both H2 and HTRA1. *p < 0.01 as compared to 
siRNA (scr) treated cells. (D): Quantification of Oil Red O staining in hMSCs at day 14 post 
adipogenic induction cultured in the absence (untreated) or presence of recombinant HTRA1 
(45 nM). *p < 0.001 as compared to untreated. Scale bar = 1 mm. Data are representative of at 
least 2 separate experiments performed in triplicate. Abbreviations: hMSC, human 
mesenchymal stem cells; ELISA, enzyme-linked immunosorbent assay; HTRA1, high 
temperature requirement protease A1; siRNA, small interfering RNA. 
 
Figure 2. HTRA1 interacts with surface bound HSPG. (A-F): hMSC binding of PDZ 
domain-containing HTRA1 S328A (0.45 µM) (A) or HTRA1∆protease (0.45 µM) (B) as 
compared to HTRA1∆PDZ (0.45 µM) was determined by FACS analysis using a FITC 
labeled anti-histidine antibody. The involvement of HSPG in the binding of HTRA1 S328A 
(C, E) and HTRA1∆protease (D, F) was assessed using either heparanase (10 U/ml) (C, D) or 
heparin (10 µg/ml) (E, F). (G): ELISA measurement of soluble syndecan-4 levels in the 
supernatants of untreated or HTRA1 (45 nM) treated hMSCs at day 10 and 21 post 
adipogenic induction. (H): Quantification of VLDL-DiI (red) uptake in untreated or HTRA1 
(45 nM) treated hMSCs at day 24 post adipogenic induction. Nuclei were stained with DAPI 
(blue). Scale bar = 75 µm. *p < 0.001 as compared to untreated hMSCs. Data are 
representative of at least 2 separate experiments performed in triplicate. Abbreviations: 
132 
 
hMSC, human mesenchymal stem cells; HTRA1, high temperature requirement protease A1; 
HSPG, heparan sulfate proteoglycan; ELISA, enzyme-linked immunosorbent assay; FITC, 
Fluorescein isothiocyanate; VLDL-DiI, very low density lipoprotein- dialkylcarbocyanine. 
 
Figure 3. HTRA1 upregulates MMP production by adipogenic hMSCs. RT-qPCR analysis of 
MMP1 (A), MMP3 (B), MMP9 (C) and MMP13 (D) gene expression in untreated or HTRA1 
(45 nM) treated hMSCs at day 21 post adipogenic induction. Data was normalized to GUSB 
and expressed as fold change as compared to untreated hMSCs (value = 1) using the 
comparative CT method. (E, F): ELISA measurements of MMP-3 (E) and -13 (F) protein in 
supernatants from untreated or HTRA1 (45 nM) treated hMSCs at day 21 post adipogenic 
induction. *p < 0.05, **p < 0.001 as compared to untreated hMSCs. Data are representative of 
at least 2 separate experiments performed in triplicate. Abbreviations: hMSC, human 
mesenchymal stem cells; HTRA1, high temperature requirement protease A1; MMP, matrix 
metalloproteinase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; 
ELISA, enzyme-linked immunosorbent assay. 
 
Figure 4. (A, B): Immunofluorescence staining of laminin (red) (A) and type IV collagen 
(red) (B) in untreated or HTRA1 (45 nM) treated hMSCs at day 24 post adipogenic induction. 
Nuclei were stained with DAPI (blue). Scale bar = 100 µm. *p < 0.01 as compared to 
untreated hMSCs. Data is representative of at least 2 separate experiments performed in 
triplicate. Abbreviations: hMSC, human mesenchymal stem cells; HTRA1, high temperature 
requirement protease A1. 
 
Figure 5. HTRA1’s effects are mediated through MMP activities. (A, B): Quantification of 
type IV collagen staining in untreated or HTRA1 (45 nM) treated hMSCs at day 22 post 
adipogenic induction following pre-treatment with either vehicle control or with 10 µM of 
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NNGH (A) or 20 µM of CL-82198 (B). (C, D): ELISA measurement of soluble syndecan-4 
levels in the supernatants of untreated or HTRA1 (45 nM) treated hMSCs at day 17 post 
adipogenic induction following pre-treatment with either vehicle control or with varying 
concentrations of NNGH (C) or CL-82198 (D). (E, F): Quantification of Oil Red O staining 
in untreated or HTRA1 (45 nM) treated hMSCs at day 18 post adipogenic induction following 
pre-treatment with either vehicle control or with varying concentrations of NNGH (E) or CL-
82198 (F). *p < 0.05, **p < 0.01, ***p < 0.001 as compared to controls from untreated or 
HTRA1-treated groups respectively. Data are representative of at least 2 separate experiments 
performed in triplicate. Abbreviations: hMSC, human mesenchymal stem cells; HTRA1, high 
temperature requirement protease A1; MMP, matrix metalloproteinase; ELISA, enzyme-
linked immunosorbent assay. 
 
Figure 6. HTRA1’s effects are mediated through MAP kinase activities. (A): Effect of 
recombinant HTRA1 on MAP kinase activation in adipogenic hMSCs at day 14 as 
determined by Western blot analysis of protein lysates using specific antibodies against JNK, 
p38 and ERK. An anti-tubulin monoclonal was used to confirm equal loading.  (B-D): 
Quantitative analysis of MMP3 expression (B), MMP13 expression (C) and Oil Red O 
staining (D) in untreated or HTRA1 (45 nM) treated hMSCs at day 17 post adipogenic 
induction following pre-treatment with either vehicle control or with PD98059 (10 µM), 
SP600125 (20 µM) or SB239063 (10 µM). RT-qPCR data was normalized to GUSB and 
expressed as fold change relative to untreated, control hMSCs (value = 1) using the 
comparative CT method. *p < 0.05, **p < 0.01, ***p < 0.001 as compared to controls from 
untreated or HTRA1-treated groups respectively. Data are representative of at least 2 separate 
experiments performed in triplicate. Abbreviations: hMSC, human mesenchymal stem cells; 
HTRA1, high temperature requirement protease A1; MMP, matrix metalloproteinase; MAP, 
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mitogen-activated protein; RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction; GUSB, Glucuronidase, beta. 
 
Figure 7. Identification of HTRA1 in adipose tissue. Paraffin wax sections of human visceral 
(omental) adipose tissue from insulin sensitive (IS) or insulin resistant (IR) obese patients 
were incubated with an anti-HTRA1 antibody (A, B), anti-MMP-13 antibody (C) or relevant  
IgG controls (D-F), and positive staining identified using an appropriate HRP-labeled 
polyclonal antibody with subsequent development using 3,3'-diaminobenzidine (brown). 
Arrow heads, HTRA1 or MMP-13 present in immune cell infiltrate in crown-like structures. 
Scale bar = 200 µm. Abbreviations: HTRA1, high temperature requirement protease A1; 
MMP, matrix metalloproteinase; HRP, horseradish peroxidase. 
 
Supplementary Fig. 1. (A): ELISA measurement of HTRA1 in supernatants from adipogenic 
hMSCs (Adipo) treated with scrambled siRNA (scr) or siRNA specific for HTRA1 (H1 and 
H2). *p < 0.001 as compared to siRNA (scr) treated cells. (B): Schematic of recombinant 
human HTRA1 proteins; active HTRA1 (∆Mac), inactive HTRA1 (HTRA1 S328A), active 
HTRA1 without PDZ domain (HTRA1∆PDZ), inactive HTRA1 without PDZ domain 
(HTRA1 S328A∆PDZ), HTRA1 without protease domain (HTRA1∆Protease). The purified 
recombinant histidine-labeled human HTRA1 proteins were also visualized on a Coomassie 
blue-stained SDS-PAGE gel. M, protein marker; lane 1, HTRA1; lane 2, HTRA1 S328A; 
lane 3, HTRA1∆PDZ; lane 4, HTRA1 S328A∆PDZ; lane 5, HTRA1∆Protease. (C): 
Proteolytic activity of recombinant HTRA1 proteins (45 nM) towards BODIPY-FL-labeled 
DQ elastin (25 µg/ml) at 37oC as determined using a Multiplate reader. Abbreviations: hMSC, 
human mesenchymal stem cells; HTRA1, high temperature requirement protease A1; ELISA, 
enzyme-linked immunosorbent assay; siRNA, small interfering RNA; SDS-PAGE, sodium 




Supplementary Fig. 2. Fluorescence activated cell sorting (FACS) analysis of recombinant 
HTRA1 binding to non-differentiated hMSCs. HTRA1∆protease (0.45 µM) was incubated 
with hMSCs for 1 h at 4
o
C and cell-bound HTRA1 protein detected using a FITC labeled 
anti-his antibody. The influence of pre-incubating cells with collagenase (1 mg/ml) (A), 
chondroitinase (10 U/ml) (B), CS1 (50 µM) (C) or GRGDSP (50 µM) (D) on the percentage 
of cell-bound HTRA1∆protease was calculated using FlowJo 10 software. Data are 
representative of least two individual experiments performed in duplicate. Abbreviations: 
hMSC, human mesenchymal stem cells; HTRA1, high temperature requirement protease A1; 
FACS, fluorescence activated cells sorting. 
 
Supplementary Fig. 3. Capacity for HTRA1 to degrade type IV collagen. Varying 
concentrations of HTRA1 or HTRA1 S328A were incubated with DQ-type IV collagen (25 
µg/ml) at 37oC and the relative fluorescence units (RFU) generated after 24 h determined 
using a Multiplate reader. Abbreviations: HTRA1, high temperature requirement protease A1. 
 
Supplementary Fig. 4. (A): Western blot analysis of native Fnfs in concentrated supernatants 
harvested from 14 day old undifferentiated hMSCs (control), untreated adipogenic hMSCs, or 
adipogenic hMSCs treated with HTRA1 (45 nM) for a further 24 h. Protein was subjected to 
immunoblotting using antibody Mab 1936 specific for the fibronectin amino-terminal fibrin- 
and heparin-binding domain. Arrow head indicates the HTRA1-cleaved 29 kDa Fnf. (B): An 
equimolar ratio of human plasma-derived Fn and HTRA1 were incubated in TBS, pH 8.5, for 
16 h at 37
o
C and Fnfs purified by affinity chromatography and analysed on a Coomassie Blue 
stained 4-15% gradient SDS-PAGE gel. Fn and HTRA1 alone were also loaded and served as 
controls. Arrow head indicates the purified 29 kDa Fnf due to HTRA1-mediated cleavage. 
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(C-E): RT-qPCR analysis of MMP1 (C), MMP3 (D) and MMP13 (E) in adipogenic hMSCs 
at day 11 following treatment with HTRA1 (45 nM), purified HTRA1-digested Fn (40 µg/ml) 
(Fn+HTRA1) or TBS, pH 7.6, eluate from the affinity purification reaction using HTRA1 
alone (TBS+HTRA1). Data was normalized to GUSB and expressed as fold change as 
compared to untreated hMSCs (value = 1) using the comparative CT method. (F): Oil Red O 
staining of adipogenic hMSCs at day 14 following treatment with HTRA1 (45 nM), 
Fn+HTRA1 or TBS+HTRA1. *p < 0.05, **p < 0.01, ***p < 0.001 as compared to untreated 
cells. Scale bar = 2 mm. Data are representative of least two individual experiments 
performed in triplicate. Abbreviations: hMSC, human mesenchymal stem cells; HTRA1, high 
temperature requirement protease A1; Fnf, fibronectin fragments; SDS-PAGE, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis; RT-qPCR, reverse transcription-
quantitative polymerase chain reaction; GUSB, Glucuronidase, beta; MMP, matrix 
metalloproteinase; TBS, Tris-buffered saline. 
 
Supplementary Fig. 5. (A): RT-qPCR analysis of MMP13 gene expression in untreated or 
HTRA1 (45 nM) treated adipogenic hMSCs at day 3 following pre-treatment with scrambled 
control siRNA (scr) or siRNAs specific for MMP13 (M1 and M2). Data was normalized to 
GUSB and expressed as fold change relative to untreated siRNA (scr) hMSCs (value = 1) 
using the comparative CT method. (B): Quantification of Oil Red O staining in adipogenic 
hMSCs at day 22 following treatment with either a scrambled control siRNA (scr), siRNAs 
specific for MMP13 (M1 and M2), or a combination of both siRNAs and HTRA1 (45 nM). *p 
< 0.05, **p < 0.01, ***p < 0.001 as compared to siRNA (scr) controls from untreated or 
HTRA1 -treated groups respectively. Data are representative of least two individual 
experiments performed in triplicate. (C): Western blot analysis of native Fnfs in concentrated 
supernatants harvested from 14-day-old adipogenic hMSCs treated for 24 h without 
(untreated) or with CL-82198 (20 µM), HTRA1 (45 nM) or HTRA1 and CL-82198. Protein 
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was subjected to immunoblotting using Mab 1936 specific for the Fn amino-terminal fibrin- 
and heparin-binding domain. Arrow heads indicate the 29 kDa Fnf due to HTRA1 treatment. 
(D): Coomassie stained gel of total protein from supernatant to control for equal loading. Data 
are representative of least two individual experiments. Abbreviations: hMSC, human 
mesenchymal stem cells; HTRA1, high temperature requirement protease A1; RT-qPCR, 
reverse transcription-quantitative polymerase chain reaction; GUSB, Glucuronidase, beta; 
MMP, matrix metalloproteinase; siRNA, small interfering RNA; Fnf, fibronectin fragments. 
 
Supplementary Fig. 6. Identification of HTRA1 in adipose tissue. Paraffin wax sections of 
human visceral (omental) adipose tissue from IS or IR obese patients were incubated with an 
anti-HTRA1 antibody (A, B) or relevant IgG controls (C, D), and positive staining identified 
using an appropriate HRP-labeled polyclonal antibody with subsequent development using 
3,3'-diaminobenzidine (brown). Asterisks, HTRA1-positive blood vessels; Scale bar = 200 
µm. Insulin sensitivity was defined as glucose infusion rate (GIR) during the steady state of 
an euglycemic-hyperinsulinemic clamp > 70 µmol/kg/min, insulin resistance as GIR < 50 
µmol/kg/min. Abbreviations: HTRA1, high temperature requirement protease A1; IS, insulin 





















































































































































2.1.3. Use of biomimetic microtissue spheroids and specific growth factor 
supplementation to improve tenocyte differentiation and adaptation 
to a collagen-based scaffold in vitro. 
Authors:  Theiss F, Mirsaidi A, Mhanna R, Kümmerle J, Glanz S, Bahrenberg G, 
Tiaden AN, Richards PJ.  
Journal:  In Press, Accepted Manuscript in Biomaterials (August 2015) IF:8.557 































2.1.4. Human serine protease HTRA1 positively regulates osteogenesis 
of human bone marrow-derived mesenchymal stem cells and 
mineralization of differentiating bone-forming cells through the 
modulation of extracellular matrix protein.  
 
Authors:  Tiaden AN, Breiden M, Mirsaidi A, Weber FA, Bahrenberg G, Glanz S, 
Cinelli P, Ehrmann M, Richards PJ.  
Journal:  Stem Cells. 2012;30(10):2271-82. IF:6.523 
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3. Unpublished Data 
3.1. ATRA-mediated induction of mHtrA1 expression 
The osteogenic medium (OM) used to induce mASC osteogenesis was composed of 
αMEM, 10% FCS, ascorbic acid, β-glycerophosphate, and ATRA. Upon addition of 
OM, expression of mHtrA1 mRNA was significantly up-regulated within the first 24 h 
(Fig. 6A) and was found to be completely reliant on the presence of ATRA (Fig. 6B). 
This was further confirmed in studies in which knockdown of retinoic acid receptor 
expression (Fig. 7A) could significantly impair the ability of OM to induce HtrA1 
expression in mASCs (Fig. 7B). These initial studies therefore led us to conclude that 



















Figure 6. (A) mASCs were induced to undergo osteogenesis with osteogenic 
medium (OM) containing ascorbic acid, β-glycerophosphate, and ATRA for up to 24 
h. At selected time points, RNA was isolated and HtrA1 gene expression determined 
by RT-qPCR. (B) mASCs were induced to undergo osteogenesis with osteogenic 
medium (OM) containing ascorbic acid (AA), β-glycerophosphate (BGP), and ATRA, 
or variations thereof. After 24 h, RNA was isolated and HtrA1 gene expression 
determined by RT-qPCR. In each case, the fold change in HtrA1 gene expression 
was compared to non-induced controls using the 2-∆∆CT method. * p < 0.01 as 


































































Figure 7. (A) siRNA-mediated knockdown of retinoic acid receptors (Rar) alpha 
(Rara), beta (Rarb) and gamma (Rarg), and retinoid X receptor alpha (Rxra) in 
mASCs as determined by RT-qPCR. Two different siRNAs (1 and 2) were used to 
target each receptor gene. (B) Influence of siRNA-mediated Rar and Rxr gene 
silencing on ATRA-induced HtrA1 expression in mASCs after 24 h as determined by 
RT-qPCR. In each case, gene expression was compared to mASCs treated with 
scrambled siRNA controls (siRNA(C)) using the 2-∆∆CT method. * p < 0.01 as 













































































3.2. Transcriptional regulation of mHtrA1 
Further studies conducted using the RNA polymerase II (POLII) inhibitors 
Actinomycin D and α-Amanitin confirmed that the observed increase in HtrA1 
expression in mASCs in response to ATRA was primarily regulated at the 




Figure 8. Osteogenic induction of mASCs while inhibiting POLII using the well-known 
POLII inhibitors Actinomycin D (ActD) and α-Amanitin (α-Am) completely abolishes 
mHtrA1 transcriptional upregulation. Data were normalized to ribosomal protein S12 
(Rps12) transcripts and expressed as fold change in comparison to cells treated with 
DMSO only using the comparative CT method. Representative graphs of at least 
three independent experiments are shown. CTRL, uninduced controls; OST, 
osteogenic induced. * p<0.001 as compared to DMSO-treated osteogenic cells using 
Student’s t-test.  
 
When inhibiting POLII by using the well-accepted inhibitors such as Actinomycin D 
and α-Amanitin, the increase in mHtrA1 mRNA expression upon OM treatment was 
completely abolished (Fig. 8), concluding that mHtrA1 expression is regulated at the 
transcriptional level. Consequently, as a next step we tried to identify involved 
effectors in a knock-down screen targeting well known transcription factors (TFs) and 




























3.2.1. Analysis of mHtrA1 gene regulation through siRNA-mediated 
knockdown of osteogenic-related TFs in mASCs 
 
Successful transduction of the signal from extracellular space through the cytoplasm 
to the nucleus finally results in binding of an effector to the target promoter and 
thereby either regulating transcription of the target gene directly or subsequently 
recruiting co-activators or co-repressors. To identify potential candidates involved in 
transcriptional regulation of mHtrA1 gene expression, siRNA mediated knock-down 
of several osteogenic TFs was carried out in osteogenic-induced mASCs (Fig. 9). To 
ensure reliability, each individual knock-down was performed using at least two 
different oligos for the same target. Consequently, only those showing convergent 
reduction of osteogenic induced mHtrA1 expression amongst oligos were considered 
for further investigation, such as nuclear factor I/A (siRNA_Nfia1/2), nuclear 
transcription factor Y subunit alpha (siRNA_NYA1/2), CAMP responsive element 
binding protein 1 (siRNA_Creb1_1/2/3), activating transcription factor 1 
(siRNA_Atf1_1/2/3), activating transcription factor 2 (siRNA_Atf2_1/2/3) and 
transcriptional coactivator p300 (siRNA_p300_1/2). Subsequently a deletion analysis 
of the mHtrA1 promoter activity in a luciferase assay was carried out to narrow down 


































































































































































































































































































































































































































































































































Figure 9. Quantitative polymerase chain reaction analysis of mHtrA1 gene 
expression in mASCs transfected with various siRNA oligos using the NEON 
electroporation method and analysed 24h post osteogenic induction. siRNA-C = 
scrambled control, siRNA-AP2 = Activating Protein 2, siRNA-Dlx5 = Distal-less 
homeobox 5, siRNA-Mxs2 = Homeobox transcription factor muscle segment 
homeobox 2, siRNA-Sp7 = Transcription factor osterix, siRNA-Taz = transcriptional 
coactivator with PDZ-binding motif, siRNA-Runx2 = runt-related transcription factor 2, 
siRNA-NfatC = nuclear factor of activated T cells, siRNA-Nfia = nuclear factor I/A, 
siRNA-NYA = nuclear transcription factor Y subunit alpha, siRNA-CEBP = CCAAT-
enhancer-binding proteins, siRNA-Creb = CAMP responsive element binding protein, 
siRNA-Crebbp = Creb binding protein, siRNA-Crem = cAMP response element 
modulator, siRNA-Atf = activating transcription factor, siRNA-SP1 = specificity protein 
1, siRNA-p300 = transcriptional coactivator p300, siRNA-B230205M03 = cAMP 
responsive element binding protein-like 2, siRNA-Foxo = orkhead box protein O1. 
Considering only convergent effects with at least two siRNA oligos, repression of 
nuclear factor I/A (siRNA_Nfia1/2), nuclear transcription factor Y subunit alpha 
(siRNA_NYA1/2), CAMP responsive element binding protein 1 (siRNA_Creb1_1/2/3), 
activating transcription factor 1 (siRNA_Atf1_1/2/3), activating transcription factor 2 
(siRNA_Atf2_1/2/3) and transcriptional coactivator p300 (siRNA_p300_1/2), 
significantly impaired osteogenesis induced upregulation of mHtrA1 gene expression. 
Data were normalized to transcriptional levels of ribosomal protein S12 (Rps12) and 
expressed as fold change in comparison to cells transfected with a non-target control 
siRNA-C using the comparative CT method. Representative graphs of at least three 
independent experiments are shown. Significances were calculated using the 
Student's t-test and are referring to control oligo siRNA-C versus target oligos, * 
p<0.05, ** p<0.01, *** p<0.001. N.s., not significant. 
 
3.2.2. Analysis of mHtrA1 promoter 
 
In order to further determine which specific TF binding sites within the mHtrA1 
promoter were responsible for its upregulation in response to osteogenic medium, 
luciferase deletion constructs covering different parts of the mHtrA1 promoter ranging 
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from -10000bp to +400bp relative to the ATG start site were generated, and their 




Figure 10. Deletion analysis of mHtrA1 promoter activity. Left panel : Truncated 
mHtrA1 promoter luciferase reporter constructs were generated to determine the 
minimal promoter region required for mHtrA1 promoter activity Right panel : Data 
representation of the truncated mHtrA1 luciferase reporter assay. Expression of 
Firefly Luciferase was normalized to SV40 driven Renilla Luciferase expression. 
Representative graphs of at least three independent experiments are shown. CTRL, 
uninduced controls; OST, osteogenic induced. * p<0.05 as compared to uninduced 
controls (CTRL) using Student’s t-test. N.s., not significant. 
 
Amongst all constructs, regardless of length, there was a noticeable lack of 
responsiveness upon osteogenic stimulation. Nonetheless, the shortest constructs 
mHtrA1Luc_A and mHtrA1Luc_B, showed a noticeable increase in basal promoter 
activity as compared to all other constructs, and demonstrated minor, but significant 
increase under OST conditions as compared to CTRL conditions. Hence, the area 
from -1100pb downstream, as covered by the mHTRA1Luc_B construct was 
considered a candidate for further investigation to identify potential TF binding sites 
responsible for mHtrA1 promoter activity. As shown in Fig. 11, all putative 
transcription factor binding sites of interest are covered in the deletion constructs as 
used in Fig. 10, such as Retinoic Acid response element DR5 (RARE DR5) (Fig. 11 – 
line 01), specificity protein 1 (Sp1) (Fig. 11 – line 10), cAMP responsive element 
binding protein (CREB), activating transcription factor (ATF) (Fig. 11 – line 11) and 
nuclear transcription factor Y (NYA) (Fig. 11 – line 11). Importantly, no putative site 







































Figure 11. DNA sequence showing transcription factor binding sites of interest 
upstream of the transcription start site (TSS). Potential Retinoic Acid Response 
Element DR5 (RARE DR5) (line 01), specificity protein 1 (Sp1) (line 10), CAMP 
Responsive Element Binding Protein (CREB), Activating Transcription Factor (ATF) 
(line11), Nuclear Transcription Factor Y (NYA) (line11). 
 
The previously mentioned mHtrA1Luc_B construct demonstrated the highest 
promoter activity and was therefore selected as a starting point to generate further 
deletion constructs to locate the responsive sites within the promoter. Due to higher 
transfection efficiency, further assays were carried out in the multipotent stromal cell 
(MSC) cell line C3H10T1/2. Initial observations confirmed that this cell line was also 
responsive to ATRA mediated HtrA1 upregulation (Fig. 12, left panel). To verify basic 
functionality of the assay, a RARE Reporter Assay Kit (Qiagen) was used. This 
showed the expected increase in luciferase expression upon stimulation with ATRA-










     
Figure 12. Left panel: Time course showing upregulation of mHtrA1 gene expression 
in MSC C3H10T1/2 cell line upon stimulation with osteogenic medium (OST) as 
compared to uninduced controls (CTRL). Right panel: Quantification of luminescence 
in OST-stimulated C3H10T1/2 cells using the RARE Reporter Assay kit. CTRL, 
uninduced controls; OST, osteogenic induced. * p<0.001 as compared to uninduced 
controls (CTRL) using Student’s t-test. 
 
In order to investigate further potential transcription factor binding sites involved in 





Figure 13. Deletion analysis of mHtrA1 promoter activity focusing on various putative 
transcription factor binding sites, carried out in C3H10T1/2 cell line and measured at 
48h post osteogenic induction. Left panel: Based on the previously designed 
mHtrA1Luc_B construct, further truncated mHtrA1 promoter luciferase reporter 
constructs were generated to determine the contribution of individual transcription 






















































truncated mHtrA1 luciferase reporter assay. Representative graphs of at least three 
independent experiments are shown. Expression of Firefly Luciferase was 
normalized to SV40 driven Renilla Luciferase expression. Representative graphs of 
at least three independent experiments are shown. CTRL, uninduced controls; OST, 
osteogenic induced. * p<0.05 as compared to uninduced controls (CTRL) using 
Student’s t-test. N.s., not significant. 
 
All truncated luciferase reporter constructs of this assay are based on the previously 
identified mHtrA1Luc_B that showed the highest mHtrA1 promoter activity. Despite 
differences in basal activity, only negligible differences could be observed between 
OST and CTRL conditions. The mHtrA1Luc_B contained all potential transcription 
factor binding sites as depicted above and additionally included two potential RAREs 
at -1169bp and -972bp relative to ATG. The mHtrA1Luc_B2 reporter construct 
consisted of the first 300bps upstream of start site in mHtrA1 promoter region only, 
and carried all putative transcription factor binding sites of interest, with the exception 
of the potential RAREs. Interestingly, despite being much shorter in length and 
lacking the potential RAREs, the mHtrA1Luc_B2 construct showed a higher promoter 
activity than its precursor construct, the mHtrA1Luc_B. Furthermore, no reductions in 
Luciferase activity were observed following the removal of an additional 100bps 
(mHtrA1Luc_B2). Finally the mHtrA1Luc_B3 truncated luciferase reporter was split 
up into two new constructs to investigate the possible contribution of each region to 
mHtrA1 promoter activity. Accordingly, mHtrA1Luc_B3.1 excludes the NYA and 
putative TFAP2alpha binding sites. Although only minimal differences in Luciferase 
activity could be observed between uninduced and osteogenic induced cells, the 
results did indicate that region -250 to -100 of the mHtrA1 promoter maybe important 
for basal mHtrA1 promoter activity. 
After extensive and unsuccessful attemts to identify the upstream part of the 
promoter responsible for upregulation of mHtrA1 gene expression upon osteogenic 
treatment, the possibility of involvement of downstream elements such as inhibitory 
STAT sites located within the first intron, as well as unknown negative regulatory 
















































































































































































Figure 14. DNA sequence showing potential TF binding sites of interest upstream 
and downstream of the transcription start site (TSS) extending into the first intron. 
Retinoic Acid Response Element DR5 (RARE DR5) (line 01), specificity protein 1 
(Sp1) (line 10), CAMP Responsive Element Binding Protein (CREB), Activating 





Signal Transducer and Activator of Transcription (STAT) (lines 20, 22, 23, 27, 37, 
38), RAR-related orphan receptor beta (ROR-β) (lines 70, 71). 
This was tested through the generation of the three luciferase reporter constructs 
mHtrA1Luc_LLI, mHtrA1Luc_LLII and mHtrA1Luc_LLIII covering large downstream 
parts of the promoter as shown in Fig. 15. To minimize interference of dual ATG 
sites, from the mHtrA1 promoter as well as from the luciferase gene, the mHtrA1 





Figure 15. Deletion analysis of mHtrA1 promoter activity focusing on downstream 
elements, along with part of the first intron of the mHtrA1 gene. Assay carried out in 
C3H10T1/2 mouse fibroblasts and measured at 24h post osteogenic induction 
(OST). Left: Based on the previously used mHtrA1Luc_B construct, additional 
mHtrA1 promoter luciferase reporter constructs were generated to determine the 
contribution of downstream elements on mHtrA1 promoter activity. Right: Data 
representation of the mHtrA1 luciferase reporter assay. Expression of Firefly 
Luciferase was normalized to SV40 driven Renilla expression. Representative graphs 
of at least three independent experiments are shown. CTRL, uninduced controls; 
OST, osteogenic induced. Not significant (n.s.) as compared to uninduced controls 
(CTRL) using Student’s t-test.  
 
Despite the additional upstream and downstream elements contained in 
mHtrA1Luc_LLI construct as compared to the mHtrA1Luc_B construct, no significant 
differences were observed between uninduced and osteogenic induced cells. 
However, basal Luciferase activity was noticeably reduced. Similarly, the 
mHtrA1Luc_LLII, which is based on mHtrA1Luc_LLI but with the inclusion of an 
additional 960bps extending into the 1st intron also failed to show any responsiveness 
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to osteogenic induction. Extending even further downstream, the mHtrA1Luc_LLIII 
luciferase reporter construct, which is based on mHtrA1Luc_LLII reaches as far as 
+5500bp to include potential cis negative regulatory elements, but despite 
differences in basal promoter activity levels, this construct also failed to show any 
responsiveness to osteogenic induction. Hence, it seems plausible therefore that 
either ATRA-mediated mHtrA1 expression is not regulated at the transcriptional level 
or that the Luciferase assay approach is simply not a suitable to investigate this. 
Notably, to exclude the possibility of interference of naturally occurring low levels of 
ATRA within FSC, charcoal stripped FCS was used as well as Phenol red free media 
as this pH indicator is known to be a weak estrogen mimic that binds to and activates 
steroid hormone receptors, which could then subsequently interfere with the RARs.  
 
In order to try and further identify other potential candidates involved in transcriptional 
regulation of ATRA-mediated mHtrA1 expression, we concentrated our efforts on 
investigating the role of various components of the ATRA signaling cascade using 
the siRNA approach. We targeted key components of the bone morphogenetic 
protein (BMP) and AMP-activated protein kinase (AMPK) signaling pathways, which 
are known to be responsible for transduction of ATRA signaling during osteogenic 
induction. Subsequently, the impact on mHtrA1 expression under osteogenic 
conditions was determined as depicted in Fig. 16. Knock-down of BMP signaling 
components, the small mothers against decapentaplegic (SMADs), does not seem to 
have a major impact on mHtrA1 gene expression (siRNA-SMAD_5_1/4, siRNA-
SMAD_1_1/2, siRNA-SMAD_9_1/4). However, repression of AMPK related signaling 
components did indeed reduce mHtrA1 gene expression, as observed when 
knocking down AMPK alpha 1 and AMPK alpha 2 catalytic subunits (siRNA-
Prkaa_1_1/2/3, Prkaa_2_1/2/3 and siRNA-AMPK_α-1_1/2) or its upstream effector 
Liver kinase B1 (Lkb1) (siRNA-Stk11_1/2), suggesting it`s potential role in regulating 





Figure 16. siRNA mediated knock-down of key BMP and AMPK signaling pathway 
components associated with osteogenic differentiation in osteogenic mASCs. 
Quantitative polymerase chain reaction analysis of mHtrA1 gene expression in 
mASCs transfected with indicated siRNA oligos using the NEON electroporation 
method and analysed 24h post osteogenic induction. Data were normalized to 
expression levels of ribosomal protein S12 (Rps12) and expressed as fold change in 
comparison to cells transfected with a non-target control siRNA-C using the 
comparative CT method. Small mothers against decapentaplegic (SMADs) (siRNA-
SMAD_5_1/4, siRNA-SMAD_1_1/2, siRNA-SMAD_9_1/4), AMPK alpha 1 and AMPK 
alpha 2 catalytical subunits (siRNA-Prkaa_1_1/2/3, Prkaa_2_1/2/3 and siRNA-
AMPK_α-1_1/2), Liver kinase B1 (Lkb1) (siRNA-Stk11_1/2). Significances were 
calculated using the Student's t-test and are referring to control oligo siRNA-C versus 
target oligos, * p<0.05, ** p<0.01, *** p<0.001. N.s., not significant. 
 
The major signaling pathways regulated by ATRA are through alterations in protein 
kinase activity, including mitogen-activated protein kinases (MAPKs) and AMP-
activated protein kinase (AMPK). In line with our findings of AMPK affecting mHtrA1 
expression, AMPK production and activation levels in mASCs were increased by 24 
h in response to osteogenic induction, suggesting its possible involvement in ATRA-
mediated regulation of osteogenesis. Assuming AMPK is a major player within the 
signaling cascade regulating expression of mHtrA1, selectively targeting it with a 
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shown in Fig. 17, mASCs were treated with the selective AMPK activator Metformin 




Figure 17. Quantitative polymerase chain reaction analysis of mHtrA1 gene 
expression in mASCs pre-treated for 2h with 1mM of the selective AMPK activator 
Metformin and throughout the whole osteogenic time course. Expression was 
analysed 24h post-osteogenic induction (OST). Data were normalized to expression 
levels of ribosomal protein S12 (Rps12) and expressed as fold change in comparison 
to OST cells without inhibitor using the comparative CT method. Representative 
graphs of at least three independent experiments are shown. *p < 0.05 as compared 
to –Metformin at day 24 as determined by one-way ANOVA. 
 
Treatment with Metformin had no effect on early mHtrA1 expression levels, although 
a small but significant (p = 0.01) increase was observed after 24h. Attempts to 
investigate this further using the selective AMPK inhibitor Dorsomorphin were 
complicated by high levels of cell death, even at low doses. Therefore, on the 
minimal effects observed with Metformin, we considered the involvement of AMPK in 
























3.2.3. Post-transcriptional regulation of HtrA1 
 
Due to the lack of findings in identifying transcriptional regulators of HtrA1 or 
components within their upstream network governing their action, we also considered 
posttranscriptional regulation of mHtrA1 gene expression through micro RNAs 
(miRNAs) as a possible scenario. A previous study investigating the role of HtrA1 in 
the regulation of radial glia cell proliferation has already identified miR-30e and miR-
181d as being important regulators of HtrA1 expression [1]. Two approaches were 
chosen. Firstly, we investigated the action of predicted miRs, namely members of the 
miR-30 family, on mHtrA1 gene expression. Secondly, we investigated the potential 
repressive effects of the mHtrA1 3' UTR in a Luciferase assay. 
As a control for functionality of the assay, the well-known tumour suppressor miRNA 
let-7c which represses expression of the High-mobility group AT-hook 2 (Hmga2) 
oncogene, was inhibited in mASCs using its specific miRNA inhibitor miR-Let7c. 
Successful transfection of the miR-Let7c was therefore expected to interfere with 
miRNA let-7c mediated suppression resulting in the up-regulation of Hmga2 gene 




Figure 18. Up-regulation of Hmga2 oncogene expression in mASCs upon successful 
transfection of miRNA let-7c inhibitor miR-Let7c using the siRNAmax lipofection 
method. Quantitative polymerase chain reaction analysis of Hmga2 gene expression 




























(Rps12) expression levels and expressed as fold change in comparison to cells 
transfected with a non-target control miR-nc using the comparative CT method. 
Representative graphs of at least three independent experiments are shown. 
Significances were calculated using the Student's t-test and are referring to control 
oligo miR-nc versus target oligo miR-Let7c, * p<0.01.  
 
Based on their previously reported role in regulating HtrA1 gene expression, as well 
as their involvement in MSC osteogenesis, we predicted the two miRNAs miR-30a 
and miR-30b as potential post-transcriptional regulators of mHtrA1 gene expression 
in osteogenic mASCs. As determined by using a negative control miR oligo (miR-nc) 
the optimal concentration with the least side effects on mHtrA1 gene expression was 
shown to be 50 nM (Fig. 19 – left panel). However, the predicted miRNA inhibitors of 
HtrA1 miR-30a and miR-30b did not result in any significant increase of mHtrA1 gene 
expression, regardless of concentration, indicating that they are either not targeting 
the regulatory miRNA or mHtrA1 is not post-transcriptionally regulated by miRNA 




Figure 19. Determination of optimal miR oligo concentration in mASCs (left panel). 
Effect of miR-30a and miR-30b on mHtrA1 gene expression under normal (CTRL) 


































































mHtrA1 gene expression in mASCs transfected with miRNA control and target oligos 
using the RNAiMAX method and analysed 24h post osteogenic induction. Data were 
normalized to expression levels of ribosomal protein S12 (Rps12) and expressed as 
fold change in comparison to cells transfected with a non-target control miR-nc using 
the comparative CT method. Representative graphs of two independent experiments 
are shown. 
 
Equivalent to their effect on mHtrA1 gene expression, miR-30a and miR-30b also 





Figure 20. Representative images of Alizarin red-stained mASC cultures transfected 
with miR oligos miR-nc, miR-30a and miR-30b as indicated under control (CTRL) and 
osteogenic (OST) conditions.  
 
Taken together, these results suggested that it was unlikely that mHtrA1 gene 
expression was being regulated by these particular miRNAs. Therefore, we decided 
to additionally look at the contribution of potential miRNAs on a less specific level. 
Here we utilized the mHtrA1 3’ UTR as a potential binding site for inhibitory miRNAs 
by incorporating it into a constitutively active luciferase construct with the intention of 







Figure 21. Luciferase assay of mHtrA1 3' UTR tagged constitutively active luciferase 
reporter vector in sense (cv_utr) and antisense orientation (cv_utr_as) in comparison 
to non-tagged control vector (cv), under normal (CTRL) and osteogenic (OST) 
conditions (left panel). Direct comparison of mHtrA1 3' UTR tagged vector only under 
both conditions (right panel). Assay carried out in mASCs and measured at 24h post 
osteogenic induction. Expression of Firefly Luciferase was normalized to SV40 driven 
Renilla expression. Representative graphs of at least three independent experiments 
are shown .Significances were calculated using the Student's t-test and are referring 
to left panel: untagged control vector (cv) versus mHtrA1 3' UTR sense tagged 
(cv_utr) and mHtrA1 3' UTR antisense tagged (cv_utr_as), right panel: mHtrA1 3' 
UTR sense tagged (cv_utr) normal conditions CTRL versus osteogenic conditions 
OST, *  p<0.05, ** p<0.01. N.s., not significant. 
 
As depicted in Fig. 21 (left panel), the mHtrA1 3' UTR tagged control vector (cv_utr) 
shows a significant reduction in luciferase activity under control conditions as 
expected. However, this effect could not be reverted under osteogenic conditions (for 
direct comparison see Fig. 21 – right panel), indicating that a post-transcriptional 
regulation of mHtrA1 by miRNAs is a very unlikely scenario. Also a control vector 
tagged with the mHtrA1 3' UTR in antisense orientation (cv_utr_as) shows the 
opposite effect and is even further reduced instead of being equivalent to the non-
tagged control vector (cv). Therefore we were unsuccessful in confirming the 












































In order to exclude the idea of mHtrA1 expression being regulated by miRNAs under 
osteogenic conditions, we additionally targeted the mRNA degrading RISC complex 
and examined mHtrA1 expression. As regulation of gene expression by miRNAs 
presumes a constitutively active promoter, and the RISC complex is responsible for 
degrading microRNA, inhibition of the RISC complex should then under non-
osteogenic conditions result in the same upregulation of mHtrA1 gene expression as 
seen under osteogenic conditions. Therefore we used the two well-known RISC 
inhibitors Aurintricarboxylic acid (ATA) and Suramin hexasodium salt (each at 25µM) 
which both inhibit miRNA loading to Ago2 of the RISC complex as well as de novo 
RISC assembly. As seen in Fig. 22, inhibition of mRNA degrading RISC complex 
does not affect mHtrA1 gene expression, confirming that miRNAs and therefore the 





Figure 22. Effect of inhibition of the RISC complex using Aurintricarboxylic acid 
(ATA) and Suramin hexasodium salt on expression of mHtrA1. Quantitative 
polymerase chain reaction analysis of mHtrA1 gene expression in mASCs treated 
with RISC inhibitors both at 25µM final concentrations and analysed 24h post 
osteogenic induction. Cells were treated 2h pre-osteogenic induction and throughout 
the whole assay. Data were normalized to expression of ribosomal protein S12 
(Rps12) and expressed as fold change in comparison to cells treated with the solvent 
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three independent experiments are shown. Significances were calculated using the 
Student's t-test and are referring to EtOH_OST versus ATA_CTRL and 
Suramin_CTRL, * p<0.001. 
 
3.2.4. Regulators of basal mHtrA1 promoter activity 
 
Although we were unable to identify transcriptional regulators of ATRA-mediated 
mHtrA1 expression, basal promoter activity was affected using truncated luciferase 
reporter constructs and therefore in the next step we tried to identify the regulators of 
basal mHtrA1 expression based on the putative transcription factor binding sites as 
depicted in Fig. 11. 
 
3.2.4.1. NYA binding site 
 
We initially investigated the Nuclear Transcription Factor Y, Alpha (NYA) predicted 
binding site located at -118bp relative to ATG (Fig. 11 – line 11). NYA is a highly 
conserved trimeric transcription factor known to bind to the highly conserved 
sequence motif 5'-CCAAT-3’ and thereby facilitating transcriptional activation [464-
468]. Knock-down of NYA using two different siRNA oligos significantly reduced 




Figure 23. Effect of siRNA mediated knock-down of NYA (siRNA-NYA_1/2) on 
mHtrA1 expression in osteogenic mASCs. Quantitative polymerase chain reaction 
analysis of mHtrA1 gene expression in mASCs transfected with corresponding siRNA 
oligos using the NEON electroporation method and analysed 24h post osteogenic 
induction. Data were normalized to expression levels of ribosomal protein S12 
(Rps12) and expressed as fold change in comparison to cells transfected with a non-
target control siRNA-C using the comparative CT method. Representative graphs of 
at least three independent experiments are shown. Significances were calculated 
using the Student's t-test and are referring to control oligo siRNA-C versus target 
oligos siRNA-NYA_1 and siRNA-NYA_2, * p<0.001. 
 
In the next step, we attempted to confirm the binding of NYA to sequences within the 
mHtrA1 promoter using the electrophoretic mobility shift assay (EMSA). Here, 
nuclear lysates from osteogenic mASCs were incubated with radio-labelled 
oligonucleotides containing either NYA consensus sequences or NYA predicated 































Figure 24. EMSA super-shift assay of the predicted NYA site within the upstream 
part of the mHtrA1 promoter. Gel shift assays were performed exactly as described in 
[469]. Nuclear extracts of mASCs were harvested 24h post osteogenic induction and 
4µg of protein incubated with 2µg of antibody for 1h at ambient temperature followed 
by addition of 1.75pmol 32P labelled double stranded oligo ( 32P-NYA) and another 
hour of incubation at room temperature. 
 
An obvious shift was observed using the HtrA1_NYA oligo which was super-shifted 
using an α-NYA antibody but not α-RXRA antibody, thereby confirming the binding 
specificity. Therefore, NYA may be involved in regulation of mHtrA1 promoter activity 
and represents a potential target for further modifications of mHtrA1 transcriptional 
regulation. 
 
3.2.4.2. Creb/Atf binding site 
 
Here, the putative cAMP response element binding protein (CREB) / Activating 
transcription factors (ATF) site located at -134bp relative to ATG (Fig. 11 – line 11) 
was investigated. CREB binds to the cAMP response element (CRE) with the highly 
conserved sequence motif 5'-TGACGTCA-3’. The CREB [470-474] / ATF [475-479] 
transcription factors are considered to be the major targets of AMPK signaling, which 
in turn is known to be involved in osteogenesis, and therefore are of particular 
interest. Initial experiments confirmed that the siRNA mediated knock-down of Creb 
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Figure 25. Effect of siRNA mediated knock-down of cAMP responsive element 
binding protein 1 (siRNA_Creb1_1/2/3) on mHtrA1 gene expression levels in 
osteogenic mASCs. Quantitative polymerase chain reaction analysis of mHtrA1 gene 
expression in mASCs transfected with corresponding siRNA oligos using the NEON 
electroporation method and analysed 24h post osteogenic induction. Data were 
normalized to expression levels of ribosomal protein S12 (Rps12) and expressed as 
fold change in comparison to cells transfected with a non-target control siRNA-C 
using the comparative CT method. Representative graphs of at least three 
independent experiments are shown. Significances were calculated using the 
Student's t-test and are referring to control oligo siRNA-C versus target oligos, * 
p<0.001. 
 
In the next step, we attempted to confirm the binding of CREB to sequences within 
the mHtrA1 promoter using the electrophoretic mobility shift assay (EMSA). Here, 
nuclear lysates from osteogenic mASCs were incubated with radio-labelled 
oligonucleotides containing either CREB consensus sequences or CREB predicated 




























assays using a non-radiolabeled consensus control oligo (CTRL) or a mutated oligo 
(HtrA1_CREB_mut) were used to test specificity of the reaction. Initial observations 
confirmed that a consensus CREB oligo (CTRL) could produce a shift. Similarly, the 
CREB site located at -134bp relative to ATG in the mHtrA1 promoter (HtrA1_CREB) 
also produced a shift and was abolished by using the mutant oligo 
HtrA1_CREB_mut. Furthermore, the shift observed using the consensus control oligo 
(CTRL) was markedly reduced by 100-fold excess of unlabelled HtrA1_CREB. 
Therefore, CREB/ATF may be involved in regulation of mHtrA1 promoter activity and 





Figure 26. EMSA assay of the potential CREB/ATF site within the upstream part of 
the mHtrA1 promoter. Gel shift assays were performed exactly as described in [469]. 
Nuclear extracts of mASCs were harvested 24h post osteogenic induction and 4µg of 
protein incubated with 100 fold excess of the indicated unlabelled oligo (100 x oligo) 
for 1h at ambient temperature followed by addition of 1.75pmol 32P labelled double 






3.2.4.3. Sp1 binding site 
 
Located at -211bp upstream relative to ATG within the mHtrA1 promoter (Figure 11 – 
line 10) is a potential binding site for the specificity protein 1 (SP1) transcription 
factor, which can act either as transcriptional activator or repressor by binding to GC-
rich motifs and thereby regulating expression of target genes [480-484]. In order to 
investigate its potential involvement in regulating mHtrA1 expression, we first tested 
the impact of siRNA mediated knock-down of Sp1 on mHtrA1 gene expression. In the 
knock-down approach three different oligos were used to target SP1 (siRNA-
Sp1_3/4/5) (Fig. 27). The knock-down of Sp1 did not affect the transcriptional 





Figure 27. siRNA mediated knock-down screen in mASCs of Sp1 (siRNA-Sp1_3/4/5) 
showing the impact by reduction of mHtrA1 gene expression levels under osteogenic 
conditions. Quantitative polymerase chain reaction analysis of mHtrA1 gene 
expression in mASCs transfected with corresponding siRNA oligos using the NEON 
electroporation method and analysed 24h post osteogenic induction. Data were 
normalized to expression levels of ribosomal protein S12 (Rps12) and expressed as 
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using the comparative CT method. Representative graphs of at least three 
independent experiments are shown. Significances were calculated using the 
Student's t-test and are referring to control oligo siRNA-C versus target oligos. N.s., 
not significant. 
 
Further analysis was carried out using EMSA. Here, a consensus SP1 control oligo 
(CTRL), target oligo (SP1_HtrA1) and mutated oligo (SP1_HtrA1_mut) were used 
along with a specific α-SP1 antibody for super-shift assays. Initial experiments 
confirmed that the consensus SP1 control oligo (CTRL) produced a shift when 
incubated with mASC nuclear extract and could be significantly shifted using an α-
SP1 antibody (Fig. 28). Although the SP1_HTRA1 oligo was capable of producing an 
obvious shift, it was unfortunately unspecific as this was also observed with the 
mutated SP1 oligo (SP1_HtrA1_mut) and could be super-shifted with a non-specific 





Figure 28. EMSA super-shift assay of the putative SP1 site within the upstream part 
of the mHtrA1 promoter. Gel shift assay was performed exactly as described in [469]. 
Nuclear extracts of mASCs were harvested 24h post osteogenic induction and 4µg of 
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protein incubated with 2µg of antibody for 1h at ambient temperature followed by 
addition of 1.75pmol 32P labelled double stranded oligo and another hour of 
incubation at room temperature. A consensus control oligo (CTRL), target oligo 
(SP1_HtrA1) and mutated oligo (SP1_HtrA1_mut) were used. 
 
Therefore, our inability to identify a reliable mechanism with which to explain the 
ATRA-mediated upregulation of mHtrA1 led us to undertake a different approach to 
investigating HtrA1’s role in mASC osteogenesis as detailed in the manuscript 
currently in preparation for submission to Journal of Biological Chemistry, which 




4. General discussion and future perspectives 
 
Efficient osteogenic induction of mouse adipose-derived stromal cells (mASCs) is 
reliant on the actions of all-trans retinoic acid (ATRA), the carboxylic acid form of 
vitamin A [263, 368, 372, 485-488]. This is in contrast to mouse and human bone 
marrow stromal cells (BMSCs), where dexamethasone is primarily used to instigate 
osteogenesis through upregulation of four and a half LIM domains 2 (FHL2) and 
activation of Wnt/β catenin signaling [489]. ATRA’s ability to influence osteoblast 
differentiation has been observed in several different cell systems and is considered 
to be largely dependent on the concentration of ATRA used. Whilst ATRA acts to 
enhance osteogenesis at micro molar concentrations [263, 368, 372, 485-488, 490, 
491], at nano molar concentrations, it has been shown to inhibit both osteoblast gene 
expression and mineralization [427, 429, 431]. The concentration of ATRA used to 
stimulate mASC osteogenesis in vitro is generally within the range of 1 to 5 µM, 
where it acts to enhance the expression of several osteogenic markers including 
alkaline phosphatase (Alpl) and osteopontin (Spp1) and induce mineralization of 
mASC-derived osteoblasts [263, 487]. In addition, ATRA’s ability to direct mASCs 
along the osteoblast lineage in vitro has also be exploited for the purpose of 
enhancing mASC-induced new bone formation in vivo. Priming of mASCs with ATRA 
prior to their implantation into mouse calvarial defects resulted in accelerated bone 
regeneration as compared to mice treated with unstimulated mASCs [343]. However, 
the mechanisms through which ATRA instigates its osteogenic effects in these cells 
remain unclear. Findings from studies investigating the combined effects of ATRA 
and bone morphogenetic protein (BMP)-2 on mASC osteogenesis suggested that 
ATRA’s primary function was to regulate BMP signaling through enhanced BMP 
receptor (BMPR) expression [368]. However, ATRA also has the ability to induce 
osteogenic differentiation of mASCs in the absence of exogenous BMP-2 [263, 372, 
485-488]. Therefore, it’s likely that in addition to BMP signaling, ATRA targets other 
pathways critically involved in regulating mASC osteogenesis. 
We have previously identified high temperature requirement protease A1 (HtrA1) as 
a novel mediator of human BMSC (hBMSC) differentiation, where it acts to enhance 
osteogenesis and subsequent mineralization by differentiating bone-forming cells 
[372]. Furthermore, HtrA1 expression is upregulated in mASCs in response to ATRA-
containing osteogenic induction medium [372]. HtrA1 is a member of the HtrA family 
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of serine proteases and has been linked to various biological processes by virtue of 
its ability to interact with numerous intracellular and extracellular substrates [376]. 
Tuberous sclerosis complex 2 (TSC2) was the first cytoplasmic HtrA1 substrate to be 
identified, and its degradation by HtrA1 was shown to result in activation of the 
mammalian target of rapamycin (mTOR) pathway as confirmed by alterations in the 
phosphorylation of downstream targets eukaryotic initiation factor 4E binding protein 
1 (4E-BP1) and p70 ribosomal protein S6 kinase (p70S6K) [400]. This bears 
particular significance with regards to mASC osteogenesis based on the fact that 
mTOR signaling plays a positive role in the osteogenic induction of several cell types 
including BMSCs [209, 217, 218]. However, no studies have yet sort to investigate its 
involvement in mediating the osteoinductive effects of ATRA on mASCs, or whether 
HtrA1’s ability to influence mTOR signaling plays a role in determining mASC 
osteogenic potential. 
mASCs represent a readily available source of osteoprogenitor cells, which unlike 
mBMSCs, have the advantage of being able to sustain a high level of osteogenic 
differentiation potential with age and under conditions of low bone quality [263, 357, 
492-494]. Subsequently, mASCs are fast becoming the preferred choice for stem 
cell-based approaches in bone tissue engineering [495, 496]. Certainly, results from 
our previous studies have confirmed that mASCs harvested from SAMP6 mice, a 
model for senile osteoporosis, have the capability of increasing bone quality when re-
injected back into SAMP6 tibia [486]. However, despite their widespread usage, the 
underlying mechanisms through which mASC osteogenic differentiation is controlled 
remain incompletely understood. In the current report, we identify the serine protease 
HtrA1 as being a positive regulator of ATRA-induced mASC osteogenesis and 
mASC-derived osteoblast mineralization. Furthermore, we provide evidence, which 
supports p70S6K as playing a role in mediating the pro-osteogenic effects of HtrA1 in 
mASCs in response to ATRA. 
We have previously identified HtrA1 expression being upregulated in mASCs in 
response to ATRA-containing osteogenic medium [372]. Accordingly, as one of the 
first steps we aimed to identify the regulators of HtrA1 expression in a forward 
approach by implementing luciferase reporter assays, siRNA mediated knock-down 
screens and EMSA assays. As shown in chapter 3.1 Figure 6, within 24 hours the 
expression of HtrA1 increases in response to osteogenic medium containing ATRA 
but not without ATRA. Assuming ATRA to be the critical component in regulation of 
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HtrA1 expression and subsequent successful osteoblastogenesis, loss-of-function of 
the corresponding RARs should result in reduced HtrA1 production. Indeed, as 
depicted in chapter 3.1 Figure 7, the siRNA mediated knock-down of all four RARs 
significantly impaired ATRA-induced HtrA1 expression. Therefore, the production of 
HtrA1 is most likely regulated through the RARs on the transcriptional level. 
Nonetheless, to exclude the scenario of a post-transcriptional regulation through 
miRNAs we conducted further studies using the well-known POLII inhibitors 
Actinomycin D and α-Amanitin. Thereby we could confirm that the observed increase 
in HtrA1 expression in mASCs in response to ATRA was primarily regulated at the 
transcriptional level, as the POLII inhibitors completely abolished HtrA1 
transcriptional upregulation upon osteogenic stimulation (Chapter 3.2, Figure 8). 
Based on this, as well as on our investigations of putative HtrA1 regulatory miRNAs 
(Chapter 3.2.3, Figure 18-20) and the HtrA1 3’ UTR (Chapter 3.2.3, Figure 21-22), 
we could rule out the scenario of posttranscriptional regulation and focused our 
attention entirely on the HtrA1 promoter and its potential regulation by ATRA. 
Therefore we generated deletion constructs ranging from -10000 bp up to +5000 bp 
relative to the TSS to narrow down the ATRA responsive part of the promoter 
(Chapter 3.2.2, Figures 10,13,15). Despite numerous cloning efforts we remained 
unsuccessful in identifying a region of the promoter considered crucial for the 
upregulation of HtrA1 in response to ATRA. Nevertheless, the possibility of very 
distant positive or negative regulatory elements not covered within the investigated 
15000 bp could not be excluded and should be considered when conducting further 
studies. Due to limitations in transfection efficiency in mASCs, experiments were also 
performed using the multipotent cell line C3H10T1/2. These cells were confirmed as 
being easily transfected and responsive to ATRA, as identified through the use of 
control studies utilizing expression plasmids containing multiple RAREs. However, 
we were still unable to demonstrate responsiveness of the HtrA1 promoter to ATRA. 
It is well known that the cellular response to ATRA varies greatly and is highly 
dependent on the cell type, as exemplified by its non-genomic effects of activating 
kinase-signaling cascades. For example, as reviewed in [441], in fibroblasts, mouse 
embryo carcinoma cells, mammary breast tumour cells and leukaemia cells [497-
500], ATRA is known to activate the p38 mitogen-activated protein kinase 
(p38MAPK) whereas in neuronal cells, Sertoli cells and embryonic stem cells, ATRA 
instead activates the p42/p44 extracellular signal-regulated kinase (Erk) or classical 
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MAPKs [501-507]. Erk could then activate downstream kinases such as MSK1 or 
ribosomal protein S6 kinase. Furthermore, in the non-genomic responses to ATRA, 
the RARs are not limited to the nucleus but are also found in lipid rafts [500], on the 
cell membrane [506] or even as RARG associated with the sarcome kinase [502]. 
Additionally, triggering histone modifications is another non-genomic effect of ATRA 
to be considered, as upon recruitment to RAREs harbouring target promoters, MSK1 
phosphorylates histones H3 [497], thereby contributing to transcription in a non-
genomic way through chromatin remodelling [497, 508, 509]. Expanding beyond 
chromatin remodelling, ATRA activated p38MAPK phosphorylates corepressors and 
coactivators thereby modulating their interaction with the RARs as exemplified 
through the ATRA triggered phosphorylation of SMRT leading to its release from the 
retinoic acid receptors, thereby disrupting the organisation of the corepressor 
complex and subsequently attracting coactivators [510, 511]. Alternatively, ATRA 
leads to phosphorylation and thereby marks SRC-3 for ubiquitination and subsequent 
degradation through the proteasome [512], which is thought to be another non-
genomic mechanism of transcriptional control by triggering degradation of 
coregulators. Another scenario of non-genomic regulation through ATRA is the 
phosphorylation and activation of factors involved in the regulation of primary targets, 
which then in turn regulate subsequent targets in a secondary response thereby 
broadening the spectrum of ATRAs biological activity. For example, in ATRA-treated 
P19 cells, the activated Erks phosphorylate the testicular nuclear receptor 2 (TR2), 
which then becomes a repressor of the Oct4 gene and can facilitate cellular 
differentiation [501]. Similarly, ATRA activates JAKs which then phosphorylate the 
transcription factor STAT5 leading to its nuclear translocation and subsequent 
expression of target genes such as SOCS3 and PPARγ resulting in inhibition of 
insulin signaling and lipid accumulation [513-515]. 
Therefore, ATRA’s mode of action as well as the location of its cognate receptors, 
may vary greatly depending on the cell type. In consideration of this and the fact that 
there are no putative RAREs within the investigated promoter region of HtrA1, it 
might well be that the upregulation of HtrA1 is a secondary response upon ATRA 
treatment [446], through transcription factors harbouring a RARE which are activated 
in the primary response, or that ATRA mediates this effect via non-genomic 
pathways, as discussed above [497-507, 516, 517]. To further investigate these 
scenarios, it may be useful for upcoming studies to implement techniques such as 
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chromatin immunoprecipitation sequencing (ChIP-Seq) for RXRA to screen for 
promoters of promising transcription factor candidates and follow those up using 
siRNA mediated knock-down screens. Additionally, RNA sequencing would give a 
much broader overview of the changes in transcriptome upon ATRA treatment and 
allow for the identification of new transcription factors targets. 
Despite producing negligible differences in Luciferase activity between uninduced 
and osteogenic induced cells transfected with numerous different deletion constructs 
of the HtrA1 promoter, the results did indicate that region -250 to -100 of the HtrA1 
promoter may be important for basal HtrA1 promoter activity (Chapter 3.2.2, Figure 
13). Furthermore, in loss-of-function studies as well as in an EMSA super-shift and 
EMSA competition assays, we could confirm NYA (Chapter 3.2.4.1, Figure 23 and 
Figure 24) and CREB/ATF (Chapter 3.2.4.2, Figure 25 and Figure 26) as being 
essential for the basal regulation of the mouse HtrA1 promoter. In future approaches, 
the identified transcription factors NYA and CREB/ATF may serve as valuable 
starting points in a backward approach to further elucidate details of the upstream 
networks governing the expression of HtrA1. 
Mammalian HtrA1 was originally identified by Zumbrunn and Trueb [381] and has 
since been implicated in numerous biological processes and diseases [376, 406]. 
HtrA1 is classified as a secreted serine protease and as such, its influence over 
cellular processes is largely thought to be due to its extracellular actions [372, 403, 
407]. However, it is also equally likely that HtrA1 instigates many of its effects 
intracellularly. Indeed, HtrA1 has been shown to interact with and functionally 
regulate several intracellular substrates including X-linked inhibitor of apoptosis 
protein (XIAP) [518], tubulin [395], proTGFβ1 [519], tau [389] and TSC2 [400]. In the 
context of the present study, HtrA1’s regulatory influence over TSC2 activity holds 
particular relevance given the importance of mTOR signaling in stem cell 
multipotency [209, 217, 218].  
The mTOR protein makes up the catalytic subunit of two separate complexes, 
namely mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) [518]. 
mTORC1 functions to control cell growth and protein synthesis through 
phosphorylation of 4E-BP1 and p70S6K, and has been implicated in osteoblast 
differentiation [209, 520-522]. mTORC1 is negatively regulated by the GTPase-
activating protein (GAP) TSC1/2 complex and as such, relies on the actions of Akt for 
its activation through phosphorylation of TSC2 [523]. Although several studies have 
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demonstrated activation of the Akt/mTOR signaling pathway in response to ATRA 
[524-526], no investigations have yet been undertaken to examine Akt/mTOR 
activation in ATRA-stimulated mASCs or to evaluate its consequences for their 
commitment towards osteoblasts. Our findings have confirmed that increases in 
mTOR phosphorylation levels, Akt and p70S6K, but not 4E-BP1, are rapidly activated 
in mASCs undergoing ATRA-mediated osteogenic differentiation. Similar rapid 
increases in several other kinase cascades have previously been demonstrated in 
various cell systems in response to ATRA [462, 498, 499, 506]. Such effects are 
considered to be independent of the classical genomic effects of ATRA, and are 
instead regulated through atypical, non-genomic events possibly through interactions 
with membrane-associated RARs [503].  
Rapamycin treatment completely inhibited the ability of ATRA to upregulate p70S6K 
phosphorylation in these cells. It would therefore appear that ATRA-mediated 
p70S6K activation in mASCs is rapamycin sensitive and as such, reliant on mTOR 
signaling. Furthermore, ATRA-mediated p70S6K activation in mASCs might 
additionally be reliant upon increases in mTOR activity through the phosphorylation 
of sites other than Ser2448. Certainly, mTOR has been reported to have several 
potential phosphorylation sites whose functions remain largely undefined [441]. The 
ability of HtrA1 to influence the mTOR signaling pathway in osteogenic induced 
mASCs was made evident by the fact that phosphorylation levels of p70S6K were 
noticeably reduced in ATRA-stimulated HtrA1-deficient mASCs. However, in contrast 
to cells treated with rapamycin, ATRA-dependent p70S6K phosphorylation was not 
completely abolished in HtrA1-deficient cells. It therefore appears that ATRA 
stimulates p70S6K activation in mASCs in a rapamycin-sensitive and HtrA1-
dependent manner, although HtrA1’s specific mode of action over mTOR activation 
remains to be elucidated. The activation of p70S6K is considered to be of paramount 
importance in determining mASC adipocyte lineage commitment [527], though its 
functional role in mASC osteogenesis has not yet been established. Our findings 
from studies using the mTOR inhibitor rapamycin, along with siRNA-dependent 
inhibition of Rps6kb1 gene expression, confirmed that the mTOR/p70S6K signaling 
pathway was indeed an essential requirement for efficient mASC osteogenesis and 
mASC-derived osteoblast mineralization. As far as we are aware, this is the first 
report to demonstrate such a role for mTOR/p70S6K in ATRA-mediated mASC 
osteogenesis. Therefore, these studies identified both HtrA1 and mTOR/p70S6K as 
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being important regulators of ATRA-mediated mASC osteogenesis. However, it was 
still unclear as to whether HtrA1’s ability to regulate p70S6K phosphorylation in 
response to ATRA was directly related to its pro-osteogenic effects. We therefore 
performed a study in which we introduced plasmids encoding DNA for either active or 
inactive mutants of p70S6K into HtrA1-deficient mASCs in an attempt to rescue 
osteoblastogenesis. Indeed, our results revealed that the mineralizing capacity of 
HtrA1-deficient mASC-derived osteoblasts could be fully restored when cells were 
engineered to overexpress the constitutively active p70S6K mutant. These findings 
therefore confirm that HtrA1’s pro-osteogenic effects in mASCs are related to its 
ability to regulate p70S6K activation. However, it remains unclear as to how HtrA1 
may function to elicit such a response in mASCs, especially since it has not yet been 
determined through which route HtrA1 instigates its action on p70S6K. We would 
anticipate that if HtrA1 were acting to regulate p70S6K activity through its interaction 
with TSC2 [400], then reductions in phosphorylation of mTOR on Ser2448 would be 
evident [528]. However, as no such reductions were observed, the involvement of 
additional mTOR phosphorylation sites or alternative signaling pathways may need to 
be considered. The suggestion that the TSC-complex may in fact regulate p70S6K 
independently of mTOR [529], might offer some explanation as to why loss-of-
function of HtrA1 reduced p70S6K phosphorylation with only modest changes in 
phospho-mTOR levels. Alternatively, HtrA1 may act to regulate p70S6K 
phosphorylation through mTOR, but in a TSC2-independent manner. Certainly, 
mTOR is not solely reliant on TSC2 inhibition for its activation as confirmed by 
studies in which Akt was shown to activate mTOR by relieving the inhibitory effects of 
proline-rich Akt/PKB substrate 40 kDa (PRAS40) on mTORC1 [530], and more 
recently, through its ability to promote mTORC1 phosphorylation at Ser1415 via the 
actions of IkB kinase alpha (IKKα) [531]. Further studies are therefore required in 
order to ascertain the involvement of TSC2 and mTOR in mediating the effects of 
HtrA1 on p70S6K phosphorylation in osteogenic mASCs. 
The next logical step to validate the physiological relevance of these findings will be 
to test the proposed mechanism in vivo. In this context, performing studies using an 
HtrA1 knock-out mouse model and the well-established SAMP6 mouse model would 
be of particular interest. Assuming the loss-of-function of HtrA1 does impair bone 
quality in the knock-out mouse model and no redundant compensatory mechanisms 
exist by other members of the HtrA family, it would be interesting to restore the 
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putative detrimental effect of HtrA1 loss by targeting p70S6K through activation of 
TOR signaling. Alternatively, it would be interesting to test whether low peak bone 
mass could be avoided or even better bone mineralization restored by a diet rich in 
ATRA, in comparison to a control group fed a diet rich in the biologically inactive form 
9,13dcRA [532]. Nonetheless, Vitamin A or “fat soluble A” [422] is an “accessory fat 
soluble food factor” [421], that is essential for survival [423] and no diet can be 
depleted entirely of it. Consequently, a certain amount of Vitamin A taken up by diet 
will inevitably always be metabolized to ATRA and therefore may compensate for the 
lack of biologically active ATRA. In another approach, mASCs transiently 
overexpressing HtrA1 could be injected into osteoporotic bone to restore BMD. 
Another aspect to consider is to what extent other members of the HtrA family may 
compensate for the loss of HtrA1. Intracellular HtrA2 for example is a stress-activated 
protease [533] that is localized in the mitochondrial intermembrane space and is 
released to the cytosol in response to apoptotic stimuli [534]. HtrA3, initially identified 
as pregnancy-related serine protease (PRSP) [396] shares a relatively high 
homology to HtrA1 (56% of the amino acids) [535, 536]. However, no biochemical 
characterisation has been published so far for HtrA4, which also shares a high 
degree of structural and domain homology with HtrA1 [373, 396]. 
As ASCs are an easily accessible source of multipotent stromal cells in comparison 
to their BMSC counterparts, and are easily modified and undergo robust osteogenic 
differentiation [263, 357, 537]], which makes them a valuable tool for bone tissue 
engineering [344, 538-542]. Interestingly, it has been shown that the supernatant 
from cultures of osteoporotic human patient-derived ASCs are able to exert a pro-
osteogenic effect on human osteoporotic patient-derived BMSCs in vitro [486]. 
Although these findings suggest an ASC-derived soluble factor(s) is responsible for 
mediating these pro-osteogenic effects, its identity still remains elusive. It would 
therefore be interesting to examine further whether HtrA1 may play a role in 
regulating this effect. However, to do so would require a specific HtrA1 inhibitor, 
which so far does not exist. Furthermore, the role of HtrA1 in bone formation still 
remains controversial. It has been suggested that it acts as an inhibitor of matrix 
mineralization by preventing BMP-2 induced mineral deposition in 2T3 osteoblasts 
and that loss-of-function of HtrA1 actually results in their enhanced mineralization 
[408]. HtrA1 has also been shown to antagonize TGF-β signaling by cleaving type II 
and type III TGF-β receptors (TβRII and TβRIII) and that HtrA1 deficiencies 
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consequently enhance bone formation in mice as shown by a marked increase in 
trabecular bone mass [543]. HtrA1's ability to regulate TGF-β signaling extends to the 
cytoplasm as it has further been shown to reduce the amount of mature extracellular 
TGF-β1 by degrading pro-TGF-β within the ER and targeting it to the ER-associated 
degradation (ERAD) system [519]. Controversially, it has been reported that loss-of-
function of HtrA1 impairs TGF-β signaling by decreasing the bioavailability of mature 
TGF-β due to reduced liberation of TGF-β from ECM associated latent TGF-β binding 
protein 1 (LTBP) [544]. 
In summary, we have identified p70S6K as an important regulator of mASC 
osteogenesis, being activated in response to ATRA via pathways involving mTOR 
and HtrA1 (Chapter 2.1.1, Fig. 7). As such, it is proposed that HtrA1 represents a 
newly identified positive regulator of ATRA-mediated mASC osteogenesis and 
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